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PREFACE. 



^ This masterly essay, by M. Ledoiix, 

^ giving a thermodynamic discussion of the 

various fluids used for the artificial pro- 
duction of cold, was published in the 
" Annales des Mines '' about twelve 
years ago. The essay, as translated and 
published in Van Nostrand^s Science 
Series, has proved a valuable source of 
information to those who thoroughly 
investigated its contents. 

Leading makers of refrigerating ma- 
chinery have found it to their interest 
to be guided by the numerical results of 
M. Ledoux; and theoretical writers are 
indebted to him for the general method, 
by which the latent heat and density of 
ammonia and sulphur dioxide were 
,^ arrived at theoretically, at a time when 
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IV 



no experimental determinations of these 
important constants were known. 

The mathematical treatment of the 
subject was very elaborate and well illus- 
trated by numerical examples showing 
the relative value of air, ether, sulphur 
dioxide, and ammonia, as used in com- 
pression and absorption systems, but as 
all figures in the translation remained in 
metric units, the value of the work has 
been appreciated by few engineei'S. 

The present revision of the Van 
Nostrand translation has been under- 
taken to make Ledoux's work more 
available to American students. All 
figures have been transformed to English 
units, all results expressed in the units 
commonly used in American practice, 
and many typographical errors elimi- 
nated from the text. 

Intermediate steps not fully indicated 
in the original have been supplied in the 
form of foot-notes. The latter have 
also been liberally introduced to empha- 
size Important points of the text, and to 
ca)' attention to modifications of the 



au thorns views, suggested by thé most 
recent practice and experiments. 

Some of the most intricate analysis 
regarding air is unnecessary in calculat- 
ing the tables of performance. It, how- 
ever, is excellent material for teachers of 
thermodynamics, seeking exercises in 
applied mathematics for their studeirts, 
as are, also, the diflferential equations 
used to establish the adiabatic relations 
of superheated vapors of ammonia and 
sulphur dioxide. 

Tables of the properties of carbonic 
acid and of the. " Pictet fluid," as far as 
yet known, have been added, and the 
numerical examples have been made to 
include carbonic acid, by the use of the 
formulae published by Prof. Schroter of 
Munich, and also water- vapor, as used 
in "vacuum ice machines." Several 
tables have been added to more com- 
pletely compare the theoretical perform- 
ance of the compression and absorption 
systems of ammonia machines. 

The experimental determinations now 
available for the latent heat of ammonia 
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are,. one by Regnault,at 53.0 degrees 
Fahr., one by Strombeck at 64 degrees 
Fahr., and six by Denton at various 
temperatures between— 10.7 and 87.7. 
These agree with the theoretical forecast 
of Ledoux within from 1 to 5 per cent. 
Experiments on the latent heat of sul- 
phur dioxide, between 14 and 68 degrees 
Fahr., by Mathias, Favre and Silber- 
mann, and Chappuis, agree within 3 per 
cent, with Ledoux's calculations. 

These results are detailed in a supple- 
ment to Ledoux's appendix. 

Until the density of ammonia vapor at 
atmospheric pressure, upon which all 
theoretical formulae for latent heat 
mainly depend, shall be better known, 
we may adhere to the values given in 
Ledoux's table of the properties of am- 
monia. The probable discrepancy of 
his figures is within the effect due the 
possible error of this density, and within 
the variation of duplicate experimental 
determinations of the latent heat. We 
have, therefore, not altered the values in 



I 
J 



vil 



the tables for ammonia at tlie end of the 
work, notwithstanding that the value 
used by Ledoux for the constant C in 
Zeuner^s fundamental formula (equation 
86) is about 75 per cent, too large. We, 
however, give the values for ammonia, in 
our appendix, corrected for this error in 
the value of C, as obtained from tables 
in the latest edition of Zeuner's " Ther- 
modynamik." In the appendix we have 
also compared the theoretical deductions 
of Wood and Peabody, and the experi- 
mental results of Regnault, Mathias, 
Favre and Silbermann. 

HoBOKEN, July, 1892. 
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INTRODUCTION. 



The units adopted to express the re- 
frigerating effect throughout the text 
are, as follows : 

1st. Useful Bffect, which is used to 
represent the refrigeration in British 
thermal units, produced by a unit of 
substance at the lowest temperature of 
the cycle, divided by the foot-pounds of 
work required to .compress this unit of 
substance without friction. The useful 
effect is therefore represented by the gen- 
eral expression 

A Q 



Q.-Q* 

Q = heat abstracted from substatice 
at the condenser. 

Qj = heat giveii to substance, as from a 
bath of brine, oir the rëffigëràting é*tfefet. 

A = reciprocal of Joule's equivaleht. 

xiii 
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2d. The Ice 'melting Capacity per 
pound of coal. This is used in all tables 
to represent the equivalent of the " use- 
ful effect/^ Q being expressed in pounds 
of imaginary ice by dividing by 142.2 
British thermal units, the latent heat of 
fusion of ice; and Qj— Q being ex- 
pressed in pounds of coal, on the assump- 
tion that three pounds of coal is con- 
sumed per hour per indicated horse- 
power. This rate of coal consumption 
corresponds to the use of a good non- 
condensing automatic engine, having 
a boiler utilizing about 10,000 British 
thermal units per pound of coal. For 
more economical engines the figures in 
the tables are proportionately reduced. 

3d. To represent the total refrigerat- 
ing output of a machine the term " tons 
of ice-melting capacity '^ per 24 hours is 
used in the tables. This represents the 
equivalent of Q multiplied by the num- 
ber of units of the refrigerating sub- 
stance circulated in 24 hours and divided 
by 2000 times the latent heat of fusion 
of ice. 
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The tables also give in gallons per 
^' ton of ice-melting capacity " the 
amount of cooling water required to 
condense the refrigerating substance. 
When water must be bought at an 
expense of about one doïlar per 1000 
cubic feet, it is about equal to the coal 
0,8 an element of cost, at a price of four 
dollars per ton. 

It is to be understood that the perform- 
ance of a machine, expressed in pounds 
or tons of "ice-melting capacity," does 
not mean that the refrigerating machine 
vtrould malse the same amount of actual 
ice, but rather that the cold produced is 
equivalent to the effect of the melting of 
ice at 32 degrees to water of the same 
temperature. 

In order to measure the ice-melting ca- 
pacity ^ as defined above, it is necessary 
that the refrigerating fluid, when at its 
lowest temperature, should be circulated 
in an insulated bath of non-freezable 
liquid, such as brine, and the latter, by 
circulation in contact with some source of 
heat, must vary in temperature through 
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a fixed range between the outH^and 
inlet of the brine resettoir. The quan- 
tity of brine circulated per unit of time, 
its range of temperature and its spedfic 
heat being then determined by measure- 
ment, the refrigerating effect per unit of 
coal required to operate the apparatus, or 
per 24 hours, may be stated as equivalent 
to the cold required to freeze water at 32 
degrees Fahr. into ice at the same tem- 
perature. These results will then be 
directly comparable with the second and 
third units defined above. 

In making artificial ice the water frozen 
is generally about 70 degrees in tempera- 
ture when submitted to the refrigerating 
effect of a machine; second, the ice is 
chilled from 12 to 20 degrees below its 
freezing-point ; third, there is a miscel- 
laneous dissipation of cold, neft exactly 
definable, from the exposure of the brine 
tank and the manipulation of the ice 
cainfl — ^therefore, the Weight of actual ice 
made^ multiplied by its latent heat of 
fudieR, 14^.2 therrfial units, represents 
inàj about three-f«rttrths of the cold pro- 
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In the brine by the refrigerating 
fluid * per indicated horse-power of the 
steam-engine driving the compressing 
pumps. Again, there is considerable fuel 
consumed, in ice-making, to operate the 
brine circulating pump, the condensing 
water and feed pumps, and to reboil, or 
purify, the condensed steam from which 
the ice is frozen. This fuel, together 
with that wasted in leakage and drip 
water, amounts to about one-half that 
required to drive the main steam-engine.f 
Hence, the pounds of actual ice manu- 
factured from distilled water is just about 
half the equivalent of the refrigerating 
effect produced in the brine per indicated 

* It is shown below that the cold produced in the brine 
may be only about three-fourths of that due to the 
latent heat of the weight of ammonia corresponding to 
the displacement of the compressors and the suction 
pressure density of the saturated vapor, as the heating 
of the ammonia by the walls of the cylinder makes the 
weight of ammonia usefully vaporized about 25% less 
than this theoretical amount, assuming no loss by 
clearance, leakage, or valve slip. 

t When ice is made directly from natural water by 
means of the "plate system," about half of the fuel, 
used with distilled water, is saved by avoiding the re- 
boiling operation, and using steam expansively in a 
compound engine. 
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horse-power of the steam cylinders; that 
is, half the ice-melting capacity s^ defined 
in the second and third of the ahove 
units. 

It is therefore to he understood that 
the term ice melting capacity means the 
cold produced in an insulated bath of 
brine, on the assumption that each 142.2 
B. T. TJ. abstracted from the brine, rep- 
resents one pound of ice. 

Comparison of the Results of Theo- 
ry WITH Experimental Measure- 
ments OF Eefrigerating Machines 
IN Practice. 

Of the refrigerating fluids which have 
been, or which still are, used in practice, 
there are no records regarding air and 
ether which enable us to state the ice- 
melting capacity. Ether machines, used 
in India, are said to have produced about 6 
pounds of actual ice per pound of fuel con- 
sumed, which would roughly prove that 
they realized as great a proportion of their 
theoretical efficiency as will be shown 
below to be obtainable from ammonia and 
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sulphur dioxide. The ether machine is, 
however, obsolete, because the density of 
the vapor of ether, at the necessary work- 
ing pressure, requires that the compress- 
ing cylinder shall be about 6 times larger 
than for sulphur dioxide, and 17 times 
larger than for ammonia. Air machines 
require about 1.2 times greater capacity 
of compressing cylinder, and are, as a 
whole> more cumbersome than ether ma- 
chines, but they remain in use on ship- 
board, because the use of air incurs no 
such risk of destruction of provisions 
preserved by cold, as exists by danger 
from leakage when such chemicals as 
ammonia or sulphur dioxide are used.* 
There are also no records of the measure- 
ment of the performance of air machines 
by the use of a bath of brine, as described 
above, which enable the ice-melting ca- 
pacity to be stated, the air, at its lowest 
température, being either discharged free 
into the chambers to be cooled, as in the 

* Ammonia compression machines with brine circula- 
tion have, however, now been successfully introduced 
on some of tne large Transatlantic liners. 



Bell-Coleman systerft for example, or cir- 
culated through closed pipes lodged 
wrtMn such chambers, as in the Allen 
Dense Air machine. All meawilrements 
of performance of air machines have, 
therefore, been based upon the determina- 
tion àî the range of temperature of the air 
between its entrance to the compressing 
cylinder and to the chamber to be cooled, 
combined with the weight of air circu- 
lated, the latter being computed from the 
displacement of the compression or the 
expansion cylinder, by the aid of indicator 
cards. 

Tests of Air Machines. 

A good example of the above method 
of determination of performance of air 
machines is published by Prof. Schroter 
of Munich, for a Bell-Coleman machine, 
compressing air to about four atmos- 
pheres, and the result shows a refriger- 
ating effect equivalent to 3.4 lbs. of ice- 
melting capacity per pound of coal re- 
quired to drive the steam-engine, assum- 
ing 3 lbs. of coal per hour per horse-power 
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as the economy of the engine. This re- 
sult is 43.1^ of the theoretical result, 
computed upon thermodynamic princi- 
ples, including an allowance for friction 
of mechanism of about 22^^ of the power 
of the steam cylinder, which was the ac- 
tual friction as deduced from the indi- 
cator cards given by Prof. Schroter, 
samples of which are shown in Fig. A. 
A similar measurement of performance 
of a closed cycle air machine, compress- 
ing the air from 39 lbs. to 160 lbs. above 
the atmosphere, gives 3.0 lbs. of ice-melt- 
ing capacityy or 37^ of the theoretical 
results. Such a machine, by receiving 
the air at higher density than that cor- 
responding to atmospheric pressure, has 
a proportionately smaller compressing 
cylinder than the ordinary type of air- 
machine. The details of both of these tests 
are given in lines 22 and 23 of Table A. 
The principal cause of the large difference 
between the theoretical and actual effi- 
ciency of air machines is the fact that the 
temperature of the air leaving the ex- 
pansion cylinder is very much higher than 



XXll 

thfev-T f indicates for adiabatic expansion, 
even i;aking into account all possible in- 
flueiije of moisture. Thus, in the Bell- 
Coleman machine the theoretical temper- 
ature, due to the pressure to which the 
air was compressed, is —109 degrees 
Fahr., while the actual temperature was 
only — 53 degrees. This result is not due 
to any deficiency in the adiabatic law of 
temperature, but probably to a rapid ab- 
sorption of heat by the air by its contact 
with the metallic parts of the machine. 
Another cause of loss of theoretical effect 
is in the fall of pressure through wire- 
drawing of the air in passing from the 
compressing to the expanding cylinder. 
The amount of this is shown by the super- 
position of the compression and expan- 
sion indicator cards in Pig. A. It will 
be noticed that the compression line 
practically coincides with the adiabatic 
D C, notwithstanding that, by water in- 
jected into the compression cylinder the 
temperature of the air at its exit from 
this cylinder was only about 82 degrees 
Fahr. 



s, Assuming no "Water to be Entrained with 

SER. 

oal imparts 10,000 B. T. U. to the boiler. This is equivalent 
' Fahr., and a pressure of 90 lbs. per square inch above the 
3tumed to the boiler at the temperature of the steam enter- 
ter heater that heats the feed- water to 212o Fahr. The engire 
machine include Ihti effect of friction, which is taken at 15 
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1 To face page xxiii. 
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Ammonia Machines — Absorption 

Type. 

Several tests of this type of machine 
have been published by Prof. Schroter 
of Munich, as a preliminary report of the 
Munich Polytechnic Commission; but 
the data do not permit the ice-melting 
capacity to be satisfactorily determined, 
as the machines were devoted to ice- 
making. 

Allowing for the difference in the ice- 
melting and ice-producing capacities, the 
results obtained are, however, nearly the 
same as those given in Table A for a Pon- 
tifex absorption machine, in which the 
data is approximately complete for sci- 
entific purposes. (Vide Trans. Amer. 
Soc. Mech. Engrs., Vol. X., p. 792.) 
The ammonia was worked between 138 
and 26 lbs. pressure above the atmos- 
phere. The ice-f/ielting capacity per 
pound of coal was 20.1 lbs. on a basis of 
boiler economy equivalent to 3 lbs. of 
steam per indicated horse-power in a 
good non-condensing steam-engine. This 
result realizes 52.2^ of the theoretical 
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effect due to pure anhydrous ammonia, 
with no losses by imperfect action in any 
part of the apparatus. Detailed results 
are given in Table A and at the close of 
tlïis Introduction. The principal losses 
are: 

First» The steam to drive the am- 
monia circulating pump, which exhausted 
into the atmosphere, and used 16.4^ of 
the total steam at the rate of about 150 
lbs. per hour per horse-power of the 
pump. 

Second. The heat carried oflf from the 
weak IJLquor by the water from the ab- 
sorber, which was equivalent to 19.7^ of 
the steam consumption. 

Third. Five per cent, of the weight 
of ammonia circulated is, on theoretical 
grounds,* believed to have been en- 
trained with the ammonia throughout 
the cycle ot the machine, which would 
cause a loss of 16.7^ of the theoretical 
effect. The heat distribution is given in 
detail at the close of this Introduction. 



* For argument on which ibis assumption is baaad^ 
l|^ Stevens* Indicator^ January, ISOii. 
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It is pi'obable that more liberal propor- 
tions of the interchanger, or improve- 
ments in eliminating entrained water, 
and the saving of circulating-pump 
steam, possible by arranging this pump 
to exhaust into the generator, would en- 
able the realization of about 65^ of the 
theoretical effect, a figure which, as 
shown below, is attained by the compres- 
sion type of machine under average con- 
ditions. For low back-pressures, theory 
indicates that the absorption machine is 
superior in economy to the compression 
machine, even when the latter has the 
advantage of being driven by a compound 
steam-engine. Table B illustrates this, 
but experiments are needed to test the 
truth of the conclusions. Such experi- 
ments are about to be made by the 
writers on a large Pontifex plant.* 

Ammokia Machines — Compression 

Type. 

Very complete determinations of ice- 
melting capacity of this type of machine 
are now available. Ten experiments have 

♦ See Transactions A. 8. M. E. Vol. XIX. 
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been published by Prof. Sebiôter,as secre- 
tary of the Munich Commission, using 
a plant erected for experimental use. 
Lines 1 to 10 of Table A give the results 
in English units. The ice-melting capa- 
city (col. 17) ranges from 46.29 to 16.14 
lbs. of ice per lb. of coal, according as the 
suction pressure varies from about 45 to 
8 lbs. above the atmosphere, this pressure 
being the condition which mainly con- 
trols the economy of compression ma- 
chines. These results are equivalent to 
realizing from 72 to 57^ (col. 19) of the 
theoretically perfect performance (col. 
16). The higher per cents appear to occur 
with the higher suction pressures, indi- 
cating a greater loss from cylinder heat- 
ing, (a phenomenon to be explained below 
[col. 20]), as the range of temperature of 
the gas in the compression cylinder is 
greater. These experiments were made 
with double-action compressors, operated 
on the "cold system" (see pages Iviii 
and 95). Lines 24 to 27 show the results 
of experiment? with single-acting com- 
pressors on one of the lending makes of 
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American compression machines operat- 
ing on the "dry system." The percent- 
age of theoretical effect realized ranges 
from 69.5 to 62.6^. The friction losses 
(col. 14) are higher for the American 
machine. The latter's higher efficiency 
may be attributed, therefore, to more 
perfect displacement. No clearance fig- 
ures are published by Professor Schroter, 
but a comparison of the clearance action 
in the two types of machines, by means 
of the indicator cards, indicates that the 
less perfect displacement is not caused 
by excessive clearance spaces, but by 
the greater loss by cylinder heating 
(col. 20, Table A). This result is pos- 
sibly ascribable to the smaller dimensions 
of the compression cylinders of the 
German machine, which affords greater 
surface in proportion to the volume of 
gas compressed per stroke, or, to a 
greater influence of the cylinder surfaces 
upon humid gas. The largest *^ ice- 
melting capacity " in the American ma- 
chine is 24.16 lbs. This corresponds 
to the highest suction pressures used in 
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American practice, for such refrigeration 
as is required in beer storage cellars 
using the direct expansion system. The 
conditions most nearly corresponding 
to American brewery practice in the 
German tests are those in line 5, which 
give an ^* ice-melting capacity^* of 19.07 
lbs. Line 2, with a condensing pressure 
more favorable to economy of coal, but 
less favorable for economy of water, 
gives 30.01 lbs., but the per cent of 
perfect action realized is about 1^ less 
than for the American machine, not- 
withstanding that the latter's loss by 
friction is 6^ greater. 

For the manufacture of artificial ice, 
the conditions of practice are those of 
lines 3 and 4, and lines 25 and 26. In 
the former, the condensing pressure used 
requires more expense for cooling water 
than is common in American practice. 
The ice'7nelting capacity is therefore 
greater in the German machine, being 
22.03 and 16.14 lbs. against 17.55 and 
14.52 for the American apparatus. The 
percentage of theoretical effect realized 



XXIX 

again averages greatest in the single- 
acting machine, however, notwithstand- 
ing that the friction is less in the German 
apparatus. 

Cylikder Heating. 

In compression machines employing 
volatile vapors the principal cause of the 
loss of the theoretical result given in 
col. 16, Table A, is the heating of the 
ammonia, by the warm cylinder walls, 
during its entrance into the compressor, 
thereby expanding it, so that, to compress 
a pound of ammonia, a greater number 
of revolutions must be made by the com- 
pressing pumps than corresponds to the 
density of the ammonia gas as it issues 
from the brine tank. 

In the theoretical estimate of the re- 
frigerating effect, it is assumed that 
the density, at exit from the brine 
tank, defines the displacement of com- 
pressor necessary to circulate a pound 
of gas through the refrigerating coils; 
but experimental measurement of the 
weight of ammonia circulated having 
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been made in connection with the tests 
of lines 24 to 27, Table A, by metering 
the liquid ammonia, it was found that 
from 15 to 30^ less ammonia is circu- 
lated than is accounted for by multiply- 
ing the compressor displacement by the 
density corresponding to the pressure 
and temperature of the ammonia gas at 
its entrance to the compressor. 

Hence, as the pressure does not vary, the 
density must have decreased by the rare- 
faction of the gas. It can be shown that 
the heat necessary to rarefy the gas can 
be lodged in a small thickness of the 
cylinder walls, and act in the same way as 
cylinder condensation in steam-engines. 
The theoretical mean effective pressure 
is practically the same for any range of 
pressure in the compression cylinder, 
whatever the density. Hence, the in- 
crease of power to operate the machine, 
for a given ton's capacity, is directly 
proportional to the increase of volume 
due to heating produced by the cylinder 
walls as the ammonia enters. 

In the case of " cold compression" ma- 
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chiaes, or those in which liquid ammonia 
is injected in the cylinder in order to 
Jjprevent superheating during compres- 
Aion, there is an increase of volume bt 
'Cylinder heating, caused by the évapora- 
ion of ^portion of the ammonia injected. 
In the case of dry compression the in- 
urease of volume is produced by super 
Seating the gas. 

Besides that due to heating at entrance 
^n the cylinder the discrepancies between 
^he theoretical and experimental results 
m ammonia compression machines are bjp 
'■ollows: 

1st. The liquid ammonia may be cooled 
by the condensing water below the boil- 
ing-point corresponding to condensing 
pressure. This increases the useful 
effect, because there will be a less pei 
cent of each pound of ammonia vapor 
ized in the brine tank to chill the sub- 
stance from the temperature at which it 
arrives at the expansion cock to the 
boiling-point corresponding to back 
pressures. Such gain averages about ^% 
in the case of tests 24 to 27, Table A. 
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2d. The ammonia gas may be super- 
heated before leaving the brine tank, 
above the boiling-point due to suction 
pressure. This makes a gain in the re- 
frigerating effect obtained from a pound 
of the substance, amounting to about 2^ 
in tests 24 to 27; but this is offset by the 
loss of effect due to the extra compres- 
sion power required by the increase of 
volume caused by the superheating. 

3d. The ammonia gas is superheated 
by absorbing heat from the atmosphere, 
in passing from the brine tank to the 
compressing cylinder. This in tests 24 
to 27 causes a loss, by increase of com- 
pression power, of about 2^. 

4th. There are also small losses by 
radiation from the brine tank, which are 
probably not more than 1^. 

On the whole, therefore, the loss of 
effect in ammonia compression machines 
is practically entirely due to cylinder 
heating, which reduces the ice-melt- 
ing capacity from 14 to 23^ of the 
theoretical amount, this loss being 
roughly proportional to the range of 
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temperature in the compression cylin* 
der. The exact method of calculating 
the loss due to " cylinder superheating'* 
is given ac page xlvii of this Introduction. 

Temperatures of Compressed Am- 
monia Gas. — Indicator Cards. 

A consequence of the theory of cylin- 
der heating is that a large portion of 
the range of temperature due to com- 
pression is not shown by a thermometer 
located in the exit passage from the 
cylinder. The table on the next page 
illustrates this fact for the case of Dry 
Compression. 

Thus in test 25, although the gas 
enters the cylinder at 25 degrees, in 
order to effect the rarefaction of the gas 
which, by the theory of cylinder super- 
heating, is assumed to occur, heat stored 
in the cylinder walls acts to raise its 
temperature 132.6 degrees, as per line 
2. Hence, when compression commences 
the gas is at 157.6 degrees (see columns 
20 and 21, Table C). It then follows that 
the temperature at the end of compres- 
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Comparison op Theoretical and Actual 

Temperature at Beginning and 

End op Compression. 




1. Temperature at entériner cylin- 

der, observed 

2. Estimated superheating due cyl- 

inder walls. . . • • 

' 8. Probable temp, at beginning of 
compression 

4. Atend of ad iabatic compression 

5. Temperature of gas leaving 

cylinder, observed 

6. Loss of temperature during 

compression and ejection 

7. Loss of temperature in excess 

of heat absorbed by cylinder, 
line 6 — line 2 

8. Lbs. of ammonia circulated per 

minute as measured by meter 

9. Heat removed by jackets per 

minute, B. T. U. . 

10. Temperature equivalent of line 

9 = line 9 H-(line 8 X 0.53) 

11. Loss of temperature unac- 

counted for, line 7 — line 10. . . 



Degree^ Fahren- 
heit. 



25.0 


10.1 


132.6 


116.9 


157.6 
535.0 


127.0 
436.8 


26:^0 


239.0 


272.0 


197.8 


139.4 


80.9 


14.89 


17.04 


713 


656 


91.7 


70.0 


47.7 


10.9 



34.0 

76.8 

110.8 
344.1 

221.0 

123.1 

46.3 
28.61 
407 
26.9 
19.4 



sion, if 110 lieat was lost, would be 

, /P \0.24 

t, = (167.6 + 461) f^ij - 461 =^ 535 

degrees Fahr., as per line 4. 

As the compression curve, Figs. B and 
C, agrees closely with the adiabatic law 
(eq. 96), it is probable that this tempera- 
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tu re, line 4, is nearly attained during 
compression, but that during ejection 
the heat absorbed by the cylinder walls, 
and escaping through the jacket, reduces 
the temperature of the gas to that ob- 
served in line 5. Lines 7 to 11 show how 
nearly the heat abstracted by the water 
jackets surrounding the barrel of the 
compression cylinders accounts for the 
observed temperature of the gases at exit 
from the cylinder. The discrepancies in 
line 11 are fairly attributable to errors of 
measurement and losses by radiation, etc. 
The indicator cards. Figs. B and C, 
show that a perfect action of the gas in 
the clearance spaces is obtainable, by 
sufficiently reducing the per cent of 
clearance, without the use of oil to fill; 
these spaces. The perpendicularity of 
the fall of pressure in the clearance 
spaces is attributable to the cooling of 
the thin stratum of confined gas by the 
single-acting compressor piston, a special 
feature of which was the constant con- 
tact of the cold gas with the crank 
side of the piston. 
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Weight of Ammonia Calculated 
FROM Laten^t Heat. Tests 25, 26 

AND 27. 

Using the values for latent heat of 
îimmonia given in Ledoux's tables (page 
173), the weight of ammonia circulated, 
calculated from the heat abstracted from 
the brine tank, in tests 25, 26, and 27, 
compares as follows with the weight as 
determined by meter : 

25. 86. 27. 

Calculated lbs. per minute 14.34 17.64 98.61 

Actual by meter *' 14.89 17.04 28.31 

It follows from these figures that 
Ledoux's latent heat values for low press- 
ures are correct within five per cent, 
the limit of error of the experimental 
measurements. A similar agreement 
obtains for the condensing pressures 
(see table, page 185). 

Sulphur Dioxide or Pictet Machines. 

No records are available for determina- 
tion of the " ice-melting capacity** of ma- 
chines using pure sulphur dioxide. This 
fluid is in use in American machines. 
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but in Europe it lias given way to the 
"Pictet fluid/* a mixture of about 97 
per cent of sulphur dioxide and 3 per 
cent of carbonic acid. The presence of 
the carbonic acid affords a temperature 
about 14 Fahr. degrees^ lower than is 
obtained with pure sulphur dioxide at 
atmospheric pressure. The latent heat 
of this mixture has never been deter- 
mined^ but is assumed to be equal to 
that of pure sulphur dioxide. The 
Munich Commission have published 
tests of a " Pictet fluid " machine, erect- 
ed, for testing, in their laboratory. 

These tests are given in English units, 
in lines 11 to 21, Table A. 

For brewery refrigerating conditions^ 
line 17, we have 26.24 lbs. *^ ice-melting 
capacity,** and for ice-making condi- 
tions, line 13, in which the "ice-melting 
capacity** is 17.47 lbs. These figures are 
practically as economical as those for am- 
monia, the per cent of theoretical effect 
realized ranging from 65.4 to 57.8. At 
extremely low temperatures — 15° Fahr., 
linea 1.4 and 18 — the per cent reaiis^ed ib 
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as low as 45.5. This is less tliaii any 
ammonia experiment, but so low a tem- 
perature was not tried with this sub- 
stance. The Pictet machine was at a 
small disadvantage in the German tests, 
in that the range of temperature of the 
circulating water was made the same in 
the two machines, and, in tests of the 
sulphur dioxide machine, less circulat- 
ing water was used than in parallel tests 
of the ammonia machine, so that the 
condenser pressure was higher in the 
sulphur dioxide than it would have been 
had the machines been furnished with 
the same amount of condensing water. 
This disadvantage reduces the ice-melt- 
ing capacity per pound of coal (col. 18), 
but does not affect the i)ercentage of 
loss of theoretical effect (cols. 19 and 20). 

On the whole, the tests do not indicate 
any serious inferiority of useful effect in 
the Pictet system. Theoretically there 
should be no practical difference between 
the fluids except greater bulk in the com- 
pression cylinder for the Pictet apparatus. 

It will be observed that sulphur diox- 
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ide is also susceptible to loss o£ useful 
effect by cylinder heating (col. 20). A 
similar loss appears to occur in 
pressing air to several hundred pounds 
per square inch. But for pressures of 
about 100 lb., the experiments of Messrs. 
Gause and Post at Hoboken show that 
the cylinder superheating, with jacket 
cooling, reduces the displacement only 
about 8^, when the air enters the com» 
pressing cylinder as directly as possible, 
through valves in the cylinder heads. 

Carbonic Acid Machines. 

No experimental data of performance 
is available. To work between 64.4 and 
5 degrees Fahr., the suction pressure 
must be 300, and the condensing press- 
ure 800 lbs. per square inch. 

The compression cyUnder is four times 
less in volume than is necessary for 
ammonia. 

The useful effect is considerably less 
than ammonia, if the liquid is worked 
through an expansion cock (see page 94). 






Water Vapor Machines. 

Such machines operate by water or 
brine being injected into a chamber 
maintained at a pressure of about one* 
tenth of a pound per square inch. In 
such a vacuum a portion of the water or 
brine becomes vapor^ and the remainder 
is chilled in proportion to the latent heat 
of the amount vaporized. Ice made by 
this process is formed instantaneously, 
and is, therefore, white and opaque, al- 
though thoroughly solid and sweet. At- 
tempts to utilize the vacuum principle 
for commercial purposes have produced 
two types of machines: 

1st. The water vapor is removed by 
discharging it into a condenser like that 
of a steam-engine, from which it is re- 
moved as liquid, by an ordinary air pump, 
and discharged to waste. The water va- 
por is then compressed, as a superheated 
gas, from one-tenth to say one and one- 
half pounds per square inch, and the 
cycle is similar to that of the ammonia 
compression type. 
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2d, The water vapor is absorbed by 
««Iphuric acid, which is pumped into a 
concentrator or distilling apparatus, 
where, under a vacuum, the water is 
driven from the acid in the form of va- 
por, and removed after condensation by 
the air pump maintaining the vacuum. 
The concentrated acid, at high temper- 
ature, runs back from the concentrator 
to the refrigerating chamber of the ma- 
chine, giving up its heat to the cooler 
acid which is being delivered to the con- 
centrator. This style of the apparatus is 
evidently very similar to the ammonia 
absorption machine, although not so 
simple. 

One of the compression types of these 
machines has been built, having a double- 
acting compression cylinder, 20 feet in 
diameter, and a ten-foot stroke; but no 
results of performance are yet available. 

The results of a test of a sulphuric 
acid machine of about eight tons capacity 
have been recorded by Prof. Schroter in 
the report of the Polytechnic Commission 
of Munich. The useful effect was 
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equîvojeot to about se^veii pounds of ice- 
multiiig capacity per pound of coal, 
assuming each pound of the latter to 
utilize 10,000 B. T. U. 

The machine worked under very un- 
favorable conditions, however, and the 
results are not representative of the pos- 
sibilities of the system. Theoretically 
tlie economy should be not quite equal to 
that of ammonia for "ice-making condi- 
tions/' The volume of vapor is about 
150 times that of ammonia for ice-making 
conditions (see example, page 187). 

Artificial Ice Manufacture. 

Under summer conditions, with con- 
densing water at 70 degrees Fahr., arti- 
ficial ice machines use ammonia at about 
190 lbs. above the atmosphere condenser 
pressure, and 15 lbs. suction pressure. 

In a compression type of machine the 
useful circulation of ammonia, allowing 
for the effect of cylinder heating, is about 
13 lbs. per hour per indicated horse- power 
of the steam cylinder. This weight of 
ammonia produces about 32 lbs. of ice, at 
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15 degree», from water at 70 degrees 
Fahr. If the ice is made from distilled 
water, as in the *^ can system/^ the amount 
of the hitter supplied by the boilers i& 
about 33 per cent, greater than the weight 
of ice obtained. This excess represents 
steam escaping to the atmosphere, from 
the reboiler and steam condenser, to pu* 
rify tlie distilled water, or free it from 
air; also, the loss through leaks and 
drips, and loss by melting of the ice in 
extricating it from the cans. The total 
steam consumed per horse-power is, there- 
fore, about 32 X 1.33 = 43.0 lbs. About 
7.0 lbs. of this covers the steam con- 
sumption of the steam-engines driving 
the centrifugal brine circulating pumps, 
the several cold-water pumps, and leak- 
age, drips, etc. Consequently the main- 
steam-engine mnst consume 36 lbs. of 
steam per hour per indicated steam horse- 
power, or else live steam must be con- 
densed to supply the required amount of 
distilled water. There is, therefore, 
nothing to be gained by using steam at 
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high rates of expansion in the steam-en- 
gines, in making artificial ice from dis- 
tilled water. If the cooling water for the 
ammonia coils and steam condenser is not 
too hard for use in the boilers, it may 
enter the latter at about 175 degrees 
Fahr., by restricting the quantity to 1^ 
gallons per minute per ton of ice. With 
good coal Si lbs. of feed-water may then 
Be evaporated, on the average, per lb. of 
coal. 



The ice made per pound of coal will 

then be 32 -î- ^- = 6.3 lbs. This cor- 

0.5 

responds with the results of average 
practice. 

If ice is manufactured by the "plate 
system, " no distilled water is used for 
freezing. Hence the water evaporated by 
the boilers may be reduced to the amount 
which will drive the steam motors, and 
the latter may use steam expansively to 
any extent consistent with the power re- 
quired to compress the ammonia, operate 
the feed and filter pumps, and the hoist- 
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ing machinery. The latter may require 
about 15 per cent of the power needed 
for compressing the ammonia.. 

If a compound condensing steam-en- 
gine is used for driving the compressors, 
the steam per indicated steam horse- 
power, or per 32 lbs. of net ice, may be 
14 lbs. per hour. The other motors at 
50 lbs. of steam per horse-power will use 
7.5 lbs. per hour, making the total con- 
sumption per steam horse-power of the 
compressor 21.5 lbs. Taking' the evap- 
oration at 8 lbs., the feed -water tempera- 
ture being limited to about 110 degrees, 
the coal per horse-power is 2.7 lbs. per 
hour. The net ice per lb. of coal is thet 

32 
about ^-^ = 11.8 lbs. The best, resultfc; 

with " plate system ^' plants, using a com- 
•pound steam-engine, have, thus far, 
afforded about 10^^ lbs. of ice per lb. of 
coal. 

In the ^' plate system '' the ice gradu- 
ally forms, in from 9 to 14 days, to a 
thickness of about 14 inches, on hollow 
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plat-es 10 X 14 feet in area, in which 
the cooling fluid circnIateB. 

In the " can system " the water is fro- 
zen in small blocks weighing about 300 
Ihs, each, and the process of freezing is 
completed in from 50 to 60 hours. The 
freezing-tank area occupied by the "plate 
system " ia, therefore, about four times, 
and the cubic contenta about twelve times, 
as much as is required in the " can sys- 
tem." The investment for the " plate" 
is about one-third greater than for the 
"can system.'' In the latter system ice 
is being drawn throughoat the 24 hours, 
and the hoisting is done by hand-tackle. 
In tlie " plate system " the entire daily 
product is drawn, cut, and stored in a 
few hours, the hoisting being performed 
by power. The distribution of cost is as 
follows for the two systems, taking the. 
coat for the "can" or d isti lied- water 
system as 100, which represents an actual 
cost of about one doUai' and a quarter 
— net ton. 



xlvii 

Can system. Plate system. 

Hoisting: and storin^ç ice 14.2 2.8 

Engineers, firemen, and coal- 
passer 15.0 18.9 

Coal at $3.50 per gross ton... . 42.2 20.0 

Water pumped directly from a 
natural source at 5 cts. per 

lOOU cubic feet 1.3 2.6 

Interest mid depreciation at 10 

percent 24.6 32.7 

Repairs .. 2.7 8.4 

100.00 75.4 

A compound condensing engine is as» 
sumed to be used by the " plate system. 
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Method of Calculating Loss op 
Economy by "Cylinder Super- 



heating." 



The method of arriving at the per cents 
of loss by superheating (col. 30, Table A), 
is as follows : 

In test No. 27, for example, suppose 
there were no losses by radiation, or 
superheating, or friction of mechanism — 
that is, suppose ammonia arrived at the 
expansion cock at exactly the boiling 
temperature for the condensing pressure» 
that it issued from the brine tank and 
passed to the inlet of the compressing 
cylinder at exactly the boiling tempera- 
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ture for the suction pressure ; then^ 
with no friction loss in mechanism, the 
ice-melting capacity per pound of coal, 
calculated as per examples, section 29, 
would be 33.54 lbs., as in col. 16, and in- 
cluding the actual loss of power by fric- 
tion, given in col. 14, the ice-melting 
capacity per lb. of coal, is reduced to 
23.31 lbs., as per col. 17. Now for 
these conditions the work of compressing 
the ammonia is represented by DBEG, 
Figs. B and C, and to circulate the 
28.61 lbs. of ammonia per minute, shown 
by the meter, would require 49 revolu- 
tions per minute. As a matter of fact, 
however, 58.9 revolutions per minute 
were required to circulate this weight of 
ammonia. We therefore conclude that 
the gas is rarefied by superheating be- 
fore compression, so that the volume 
of one pound is increased over that 
corresponding to the density for suc- 
tion pressure, or 6.7 cubic feet, in the 
ratio of the above speeds — that is, as 1 
to 1.202. Part of this superheating 
effect takes place in the brine tank, and 
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another part in the passage of the gas 
from the brine tank to the compressor. 
These are both known by measurement 
of temperatures, and their joint amount 
accounts for only a fraction of the in- 
crease of volume represented by the above 
ratio of revolutions. We therefore con- 
ceive that there is sufficient superheat- 
ing influence by the cylinder walls to 
make up the deficiency, and compute 
its amount as follows : 

Let T = temperature corresponding to 

suction pressure. 
^T, z= degrees superheating in brine 

tank. 
-^T, = degrees superheating between 

brine tank and compressor. 
^T, = degrees superheating by cylin* 

der walls. 

By Zeuner's formul» we have 
y^B(T + JTJ^Q^,,^ 
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V, = B(T + JT,+JT,+ JT,)- Cp^-K 

If the number of revolutions be N, 
then we have 

The total increase of wark due to 
superheating in per cent of theoretical 
work^ with no superheating, will be : 

lOO^^^ep- = 100 \^ . 
li V 

That due to superheating at brine 
tank will be: 

100^- = 

V —V V —V V —V 

1001l_J!. = 100^^ X ^f-^ = 

j Total increase of ) V^ — V __ 
I work in per cent J ^ y _ y "" 

i Total increase 1 ^rp 

•< of work in V X * 



ise 1 
in > 



rn 5 



( per cent ) ^T.+ JT,+ JT. 
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In a similar way we have for the losses 
at the other points: 

Loss due to superheating between ) 
brine tank and compressor in per > = 
cent J 

Total increase ) ^m 

of work in >• x -jtt. z^ — —itst- ; 

per cent ) ^'^\+ ^T,+ JT, ' 

Loss due to cylinder superheating = 

C Total increase ) jiji 

l of work in >■ X ' 



( percent ) ^•*-i i ^J-iT"^-'-» 

In tests No. 26, 27, and 28 the total 
increase of work due to superheating 
can be calculated directly from the 
weight of anhydrous ammonia circu- 
lated. Then in test No. 27 we have 

100^V^=1005M_=^ = 0.202. 

N 49 

If the weight of anhydrous ammonia 
is not directly measured, we may deter- 
mine its amount by means of the heat 
imparted to it at the brine tank. In 
order to do this the temperature of the 
anhydrous ammonia at entmnce to the 
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brine tank must be measured, and also 
the temperature of the ammonia gas at 
exit from the tank. A convenient way 
of making this calculation is as follows : 
Calculate the ice-melting capacity, tak- 
ing into account the cooling of the an- 
hydrous ammonia and superheating of 
gas at the brine tank, but assuming that 
the work remains the same as for the 
case of no superheating. The difference 
between this amount and the actual ice- 
melting capacity will be entirely due to 
the change of volume, or, if we call the 
calculated ice-melting capacity I^ and the 
actual I, then 

V ~ I • 

For test 27 we have from Table C 
1^ = 28.05, 1 = 23.31; 



hence 



V —V 

' = .203, 



which is about the same as is obtained 
by measuring the ammonia directly by 
a meter. In all the ^.ests given in Table 
A, except 25 to 27, *t is impossible to 
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obtain the increase of work by either of 
the above methods, because the weight of 
anhydrous ammonia is not known, which 
excludes the first method; and the tem- 
perature of the anhydrous ammonia en- 
tering the brine tank, and that of the 
gas leaving the same, is also not given, 
so that the second method cannot be 
applied. In Table A, therefore, the net 
loss is given, or the total loss due to 
increasing the work less the amount 
that is gained by cooling the liquid 
ammonia entering the brine tank below 
the temperature of the condenser and 
by superheating the gas at exit. This is 
given in per cent of the theoretical ice- 
melting effect with no superheating or 
cooling of the liquid ammonia at entrance 
to the brine tank below the temperature 
of the condenser. 

The loss due to increase of power in 
per cent of I/, which includes friction, 
will be : T — I 

Rut there is a gain of ice-melting 
capacity due to cooling the liquid am- 
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monia below the temperature of the con- 
denser and to superheating at the brine 
tank, equal to I^ — lc\ hence the net loss 
in per cent will be: 

J-o lo i^ 

IJ is the quantity given in col. 17, 
Table A, For test No. 27 we have 
1/ = 26.94; hence the total loss due to 
increase of power by superheating in per 
cent of lo is: 

,^^28.05 - 23.31 ,„^^ 
^^^ 26.94 = 1^-^^' 

which is the figure given in the table of 
the separate losses for tests 25, 26, and 
27. 

The net loss will be: 

,^^26.94-23.31 ,^ ^^ 
^^^ 26.94 = ^^-^^^ 

which is the figure given in col. 20, 
Table A. 

Table C gives the detailed numerical 
steps upon which the calculation of the 
superheating effect depends. 
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Becehrer Pressure 




AF— Line of zero volume for compression carou 
IH ** " •* " *• expansion " 



FIG. B. 

Te8tNor.-25. 
AMMONIA COMPRESSION CYONDER. 




Clearance ^ per cent. 

No oil injected. 

BE— Adiabatic curve—Eq. 96. 
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Clearance ^ per cent. 

No oil injected. 

BE— Adiabatic curve— Eq. 9(1 

TettNo.27. 
AMMONIA COMPRESSLOK CYUND£R. 
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compabison" op the theoretical and 
experimen'tal economy in an 
Ammonia Absorption Machine 
(Test No. 27, Table I). 

Ice-inelting capacity per pound of 
coal, obtained by test, assuming 
that each pound of coal imparts 
10,000 B. T. U. to the boiler 20.1 ibs. 

Ice-melting capacity per pound of 
coal, by Ledoux's equations, assum- 
ing a perfect heater action, no drip 
liquor, no water carried over by the 
ammonia, and no losses by radia- 
tion, and that the ammonia circu- 
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lating pump exhausts into the gen- 
erator.* 88.51ba. 

The calculated losses in per cent of 
the amoimt of heat imparted to 
the boiler, or 1,465,500 X 1930 -«- 
1614 =: 1,752,400 B. T. U., per hour 
are: f 

Heater lO.TjT 

Drip liquor 8.9^ 

6% Avater entrained with the am- 
monia.. 16.7jt 

Ammonia circulating pump 16.4^ 

Radiation 0.9^ 

57.63^ 

There is a gain in refrigerating capac- 
ity in tlie machine tested, due to 
superheating the ammonia in the 
cooler, which is equivalent to 9.9j( 

Net loss 47.7ji 

* The conditions substituted in Ledoux^s equations 
are: temperature of condenser, 80° Fahr.; tempera- 
ture of cooler, 13<* Fahr.; temperature of absorber, 
130° Fahr. 

t The per cents of loss, with the exception of that 
due to the 5^ of water entrained with the ammonia, 
are found by dividing the heat expended, as shown in 
the text, by the total heat supplied to the boiler. The 
loss due to 6^ of entrained water is found by com- 
paring the efficiency of the machine when worlcing 
with 61% of entrained water, with that obtained when 
no water is carried over with the ammonia. 
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Equivalent of louses in ice-melting ca- 
pacity 38.5 X .477 = 18.4 lbs. 

Theoretical useful ice-melting capac- 
ity 88.5 - 18.4 = 20.1 lbs. 

"CoLD^^ VS. *^Dry^^ Systems of Com- 
pression. 

In the "cold'' system or " humid '^ 
system some of the ammonia entering 
the compression cylinder is liquid, so that 
the heat developed in the cylinder is 
absorbed by the liquid and the tempera- 
ture of the ammonia thereby confined to 
the boiling-point due to the condenser 
presssure. No jacket is therefore re- 
quired about the cylinder. 

In the "dry'' or "hot" system all 
ammonia entering the compressor is gas- 
eous, and the temperature becomes by 
compression several hundred degrees 
greater than the boiling point due con- 
denser pressure. A water jacket is 
tlierefore necessary to permit the cyl- 
inder to be properly lubricated. For 
comparative economy see discussion, page 

XXV. 



ICE-MAKING MACHINES. 



Chapter I. 

§ 1. It has long been known that air 
is heated or cooled when compressed or 
dtlated. 

The mechanical tlieory of heat defines 
the conditions under which this heating 
or cooling is effected, and shows that 
these effects are proportioned to the ex- 
ternal work performed by the air, with 
the restriction that in expanding the re- 
sistance overcome by the gas is always 
equal to the elastic force of the latter. 

If t and f represent successive tem- 
peratures of a unit weight of a perma- 
nent gas, which has been compressed or 
dilated under conditions above stated in 
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producing an amount of work (either re- 
sistant or motive) equal to W, we shall 
have 

^-r = — W 

c 

A being the reciprocal of the mechanical 
equivalent of heat = l/?72.9, and c being 
the speciâc heat of the gas at constant 
volume. 

In a saturated vapor a part of the ther- 
mal equivalent of the external work is 
transformed into latent heat; the other 
part aloije becomes sensible under the 
form of external heat. 

This is expressed in the fundamental 
equation 

^i(^ - n + (^P - ^V) = AW, 

in which c, is the specific heat of the 
liquid, X the proportion of vapor in the 
unit of weight of mixture of liquid and 
Vapor, p the latent heat of the vapor, and 
W the external work accomplished. 

We see from these equations that for 
the same quantity of heat transformed 



into work, the range of temperatures 
must be greater with a gas than with 
saturated vapors. 

§ 2. Whether we employ a penrianent 
gas or a vapor, the apparatus design (m1 
lor the refrigerating effects is based uj)oi; 
the following series of operations: 

Compress the gas or vapor by means 
of some external force, then relieve it of 
its heat so as to diminish its volume: 
next, cause this compressed gas or vapor 
to expand so as to produce mechanical 
work, and tiius lower its temperature. 
The absorption of heat at this stage by 
the gas, in resuming its original condi- 
tion, constitutes the refrigerating effect 
of the apparatus. 

When the cooling takes place at con- 
stant pressure, the cycle of operations 
can be represented by the diagram Fig. 1, 
in wliich the abscissas represent vol- 
umes, and the ordi nates pressures. 

The gaseous body taken at the pressure 
P„ and under the volume V^ is com- 
pressed to the tension P, and the volume 
V,. It is then cooled under constant 



preBsure so that the volume V, becomes 
V,', then it is allowed to expand, the 
pressure P, becoming P, and the volnme 



changing from V,' to V,. Finally it is 
bronght to the original volume V, by 



transferring heat to it under constant 
pressure. The area V,V,V/V, represents 
the work expended, and the line V,V, 
the refrigerating effect obtained. 

An inspection of the figure shows that 
a refrigerating machine is a heat engine 
reversed. 

If instead of cooling the gas, to re- 
duce it from the volume V, to V/, it be 
heated so as to assume the volume V," 
greater than V, an amount of work is 
obtained which is represented by the 
vertically shaded area V^V^'V/'V, ; the 
heat expended is represented by the 
length V,V/'. 

It should be noticed that in the case 
of a permanent gas, the changes from 
volume V, to V/ or V/' and from V, or 
V/ to V„ are accompanied by correspond- 
ing changes in temperature. In the case 
of a condensable vapor these changes 
are effected at a constant temperature, 
the addition or subtraction of heat tak- 
ing effect in an evaporation of the liquid 
or a condensation of the vapor, 

§ 3. From this similarity between heat 



motors and freezing machines it results 
that all the equations deduced from the 
mechanical theory of heat to determine 
the performance of the first, apply equally 
to the second. 

If Q, be the quantity of heat taken 
from or added to a given mass, of com- 
pressed gas or vapor, and Q the quantity 
of heat necessary to subtract from or add 
to the expanded mass in order to bring 
it to its initial state, 1\ and Tj the abso- 
lute temperatures corresponding to the 
volumes \^ and V^ , and W the work, 
either active or resistant developed by 
the machine — the fundamental prin- 
ciple of the mechanical theory of heat, if 
the gas returns exactly to its primitive 
condition, affords the equation, 

Q^ - Q = AW. 

If the cycle of changes is the so-called 
cycle of Carnot, that is to say, if the 
lines V,V„, V/V,, and V/'V/ are adia- 
batic curves, then we have 

Q _Q, _Q,ji_Q 
i'. ~ T. ~ 1' 



ri\ — n^ — rp r|> 

^ 



The quantity of work developed by a 
heat motor, Under these circumstances, 
is for each heat unit, whatever the inter- 
mediate agent, 

W 1 T, - T„ 
Q. ~ A • T, • 

The efficiency depends upon the dif- 
ference between the extremes of tem- 
pérât uie. 

The useful effect of a refrigerating 
machine depends upon the ratio between 
the heat units eliminated and the work 
expended in compressing and expanding. 

It is measured bv the ratio 

w 

from which we have 

^ - -^^ - A ^^0 (c) 

W-Q, -Q"" T, ~T/ • ^""^ 

This result is independent of the 
nature of the body employed. 

Unlike the heat motors, the freezing 
machines possess the greatest efficiency 
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when the range of temperatures is small, 
and wlien the final temperature is ele- 
vated. 

In a freezing machine employing a. 
permanent gas the minimum temperature* 
Tg is different from the initial tempera- 
ture T„^ but we have 

T T 
T' ~ T ' 

and combining this relation with eq. (c) 
we can write for the useful effect 

W ~ T. -T/ • • • VA^ 

Comparing (c) and (d) it is evident 
that the performance becomes less hi 
proportion as we obtain lower final tem- 
peratures. 

If the temperatures are the same, 
there is no theoretical advantage in em 
ploying a gas rather than a vapor in 
order to produce cold. 

The choice of the intermediate body 
would be determined by practical consid 
erations based on the physical character 



9 



istics of the body, such as the greater or 
less facility for manipulating it; the ex- 
treme pressures required for the best 
effects, etc. 

Air offers the double advantage thai 
it is everywhere obtainable, and that we 
can vary at will the higher pressures, in- 
dependent of the temperature of the 
refrigerant. But ii is cumbersome,* and 
to produce a given useful effect the ap- 
paratus must be of large dimensions. 

Liquéfiable vopors, on the other hand, 
allow the use of smaller machines, but are 
obtained only at a greater or less cost. 

Furthermore, the maximum pressure 
is determined beforehand by the tem- 
perature of the condenser, and depend- 
ing on the nature of the volatile liquid ; 
this pressure is often very high. 

§ 4. The foregoing conclusions are 
based on the hypothesis that the com- 
pression and expansion follow the adia- 
batic lines V„V, and V/V,, that is to 

* If worked in a closed cycle so that the pressure at 
To is 4 atmospheres and the pressure at T] 8 atmos- 
phères, as in the " Allen Dense"" Air Macliine, the cum- 
brousness is reduced fi»urfold. Gee § 14, p. 40. 
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Kiy, that the changes of volume and 
pressure follow the cycle of Carnot. 

This hypothesis is realized when the 
cooling is accomplished outside of the 
compression cylinder and after the gaa 
has been raised to the pressure P^. 

If the compression be effected accord- 
ing to some cycle different from Car- 
not's, the efficiency, if it be a heat motor, 
would be diminished, but in a freezing 
machine it would be greater or less, de- 
pending upon the manner in which the 
successive operations were effected. 

Suppose, for example, that instead of 
cooling the gaseous body outside the 
compression cylinder, it be done during 
compression within the cylinder in such 
a manner as to maintain a constant tem- 
perature, This hypothesis would be 
graphically represented in Fig. 1 by re- 
placing the adiabatic curve V^V, by the 
isothermal curve VoV/. The work of 
resistance of the machine would then be 
represented by the curvilinear triangle 
V^V/V, , which is much smaller than 
the curvilinear rectangle V„V,V/V, . 
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The quantity of negative heat produced^ 
represented by the line V„V,, remains 
the same. The efficiency of the freezing 
machine would be thus augmented as 
the resistant work of the motor would be 
less than the preceding case for the same 
quantity of negative heat produced. 

§ 5. The useful effect is calculated in che 
following manner: 

We suppose the compression to be 
made at a constant temperature, and that 
a unit of weight is considered. Then by 
Marriotte's Law we have P,Vi = Po^o* 

The work of resistance to compression 
would be 

V V * 

W, = P„ V„ . Z f • = RT„d^ 

and we shall have, as in the preceding 
case, 

AW, = Q, . 

a 

R is a constant, the value of which is 
53.35. 

* The symbol / sienifles the hyperbolic log^arithm. 



12 

The gas dilating from the temperature 
T" to Tj without gaining or losing heat, 
we slrall have for the work of dilatation, 
inclusive of the work at full pressure 
during introduction. 

The useful effect is represented by 

A Q 
Q,-Q 

and we have 



W, - W« Q. - Q 

fe(T. - T,) 



ET.Z ^ - ^(T. - T,) 



We have also 



c _ E * 



* This gives T^ikc — c) = ToRA = PoVoA, which is 
the algebraic expression of the fact that the specific 
heat at constant pressure exceeds that for constant 
volume by the external work of expansion. See Ran- 
kine^s Steam Engine, p. 818. 
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I is the ratio of specific heat at constant 
pressure to the specific heat at constant 
volume; this ratio is = 1.41 and is the 
same for all permanent gases. 

It follows then that for isothermal 
compression 

. Q ^ A T. - T, 



Q.-Q 



(V)'^4;-(T--'^'> 



If the compression follows an adiabatic 
curve, we shall have for the useful effect — 
calling T, the absolute final temperature 
of the compression — 

T — T 



Q, - Q "T, - T. - (T. - T,) 

k-l 

and ^^ = U) * . 

It is easy to show that 

T.-T. orT.Jdi')*-! 
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is greater than 

and consequently that the useful effect in 
the second case is less than in the first. 

The employment of air presents a cer- 
tain theoretical advantage over volatile 
liquids, inasmuch as it admits of cooling 
to a certain extent during compression.* 

We will now examine in succession 
some of the recently invented freezing 
machines {machines à froid). The Air 
Machine of M. Giffard; the Sulphurous 
Acid Machine of M. Pictet; the Am- 
monia Machine of M. Carré, and the 
compression type of Ammonia Machine. 



* Such advantage is not practically available. See 
foot-note, Art. 19, p. 65. 



i'y. 
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Chapter IL 
giffard's air machine. 

§ 7. This machine consists of a single- 
acting cylinder A, the piston of wliich 
is furnished with two valves opening 
inward. This cylinder is surrounded 
with a jacket, leaving a space within 
which circulates a current of cold water. 

There is a second cylinder, B, also 
single-acting, and having a solid piston, 
with a diameter a little smaller than 
the first. At the bottonr of this cvlindcr 
are two openings closed by valves, open- 
ing, one outward and the other inward, 
and operated by levers which are worked 
by cams on the driving shaft. 

The pistons are driven by crank con- 
nections with the main shaft. 

The condenser R is a surface con den se i- 
and receives a current of cold water front 
the envelope of the compressor cylinder 
A. A reservoir of wrought iron, R', is 
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connected with the condenser by a tube, 
and communicates also with the bottom 
of the expansion cylinder B. 

§ 8. The air taken in at ordinary press- 
ure is compressed in the cylinder A till 
it has the density of that in the reservoir; 
it is then allowed to flow into the con- 
denser R and the reservoir R'. During 
this passage it loses a great part of the 
sensible heat which it attains during 
compression, and is brought nearly to 
the temperature of the surrounding air. 

During this time the valve s of the 
cylinder B opens and permits a certain 
amount of air, equal in weight to that 
which is expelled from A, to pass from 
the reservoir into tiie cylinder, producing 
a certain amount of work. Then the 
valve s closes, — the air in. the cylinder B 
expands, producing work again, which 
may be deducted from the work of com- 
pression, and the temperature is lowered. 
When the piston B reaches the upper 
limit of its stroke, the valve s' opens and 
the cooled air, as the piston descends, 
escapes through the cold-air outlet. 



ITie cooling experienced by the air, 
during compression, by contact with tbe 




cooled sides of the cylinder is scarcely 
senaible. 

The machine therefore acte under con- 
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ditions set forth in § 2, and we know 
that its useful effect cannot exceed the 
value 



T T 

or ^ '^ 



By means of tlje adjustable cams we 
can regulate at will the action of the 
valves s and s\ If we shorten the time 
of admission into the cylinder B, the 
pressure will increase in the reservoir; 
for the amount flowing into B should be 
equal to that forced into the reservoir 
from A, The temperature of the air ex- 
pelled will then be less. If, on the con- 
trary, we increase the time of admission, 
the reservoir prestiure will diminish, and 
the temperature of outflowing air will be 
increased. 

The apparatus presents then this im- 
portant peculiarity — that we can vary 
the useful effect of the machine at will, 
through wide limits. 

As the air leaves B, at the pressure of 
tlie atmosphere, the minimum limit of 
pressure is established, below which the 
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expansion cannot be pushed, and which 
is controlled by the relative dimensions 
of the two cylinders. 

We will proceed to calculate the cool- 
ing effect produced by this machine and 
the corresponding work required. We 
shall neglect at first the effect of waste 
spaces in the machine, and of watery 
vapor in the air. 

§ 9. Let P^ , t^ and T„ be the pressure 

and temperature (counted 

from absolute zero) of the 

air. 

V^ the volume described by 

the piston A. 
Vj the volume of air when at 

pressure Pj. 
Vj is then the volume described 
by the piston during the 
outflow. 
m = weight of air drawn into 
and ejected from the com- 
pressor. 
Pj, t^ and Tj the pressure and 
temperature of compressed 
air delivered from A. 
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V/ t^ and T/ the volume and 
temperature after passing 
into the condenser. 
V, the total volume described 

by piston B. 
P,, t^ and T, the pressure and 
temperature of the air at 
the end of the course of 
this piston. 
During compression the cooling by sim- 
ple contact with the sides of the cylinder 
is insignificant. We shall neglect tins 
and also assume that no heat is received 
from the sides of the cylinder B. 

FIRST period: compression. 

§ 10. When air is compressed without 

losing or gaining heat, the pressure and 

temperature at each instant bear the 

relation to each other expressed by the 

equation 

P.V.* = P.V,*, (1) 

in which h is the ratio of specific heat of 
constant pressure to the specific heat of 
constant volume. 

■ , 0.23751 

«'' = T-77.— r:: = 1-'*1. 
0.1()S44 



2^1 

Gay-Lussac's law affords, 

P„V„ = EmT, (2) 

and 

P,V, = Rml\. (3) 

From equations (1), (2), and (3), we 
deduce 

k-l 

T, /P\-fc- 



T VP, 






(4) 
(5) 



The work of the resistance to com- 
pression and outflow is* 

Wr = ^(P.V. - P„V.). (6) 
We have elsewhere 

F^~i ~ÂR' 



♦This is the value of the area VoViPiPoVo or the 
equivalent of PiV, +fpdv - ?„¥„ . The form of (6) 
should be committed to mind as it is constantly applied 
throughout this essay. 

t See § 5, p. 10. 
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c being the specific heat of air of cpnstant 
volume. 

Equation (6) then becomes 

W, = ^(T. - T.). (7) 



SECOND period: cooling. 

The air is cooled in the condenser 
under constant pressure. The volume 
cliaiiges from V^ to V/, and the tem- 
perature from t^ to //. 

We have 

V/ = V,^', (8) 

1 

and the quantity of heat imparted to the 
water of the condenser is 

Q, = mkc{T, - T/). (9) 

If T/ = T, then Q, = AW,. 

THIRD period: EXPANSION. 

Tlie volume V/ of air enters the cylin- 
der B yielding an amount of work equal 
to P^V/. It expands from V/ to V, 
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without gain or loss of lieat. We have 
thea 

P.V/*^ = P,V,*, . (10) 

P,V/ =R7wT/, . (11) 

P,V, =RmT,; (12) 



whence 



fc-i 



T, = T/(?î) * . (13) 



The work performed by the air is * 

W» = ^^(P.V/ - P.V,) (14) 

or 

W« = ^(T/ - T,). (15) 

The resistances to be overcome by ex- 
ternal force amount to 

IThTCiG 

W^ -Wn, = -T-[(Ti- To) - (T/-TO]. (16) 



* If the machine works with maximum economy, 
the final pressure P, should be equal to Pq , the at- 
mospheric pressure. 
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The equations (10), (12), and (13) gire 



V. 1 



or 



V.' V. 



T/ 



(17) 



and 



V Ti 



T^ _T. 

T/ ~ t; ■ 



(18) 



Equation (17) expresses the ratio which 
should exist between the volumes of the 
two cylinders, in order that the air be 
finally expelled at atmospheric pressure, 
after having been compressed by a force 

v.. 

The negative heat Q, produced by the 
apparatus, is the quantity of heat neces- 
sary to restore the air from the tempera- 
ture ti to the temperature t^y under 
constant pressure. Hence 



or 



Q = mkci^, - TO 



(19) 
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§ 11. Since a given weight of air is re- 
stored, at the end of the operation, to 
the same temperature and pressure it 
had at the beginning, it follows that it 
has been through a perfect cycle, and we 
have, from the mechanical theory of heat, 

Q. = A(W, - WJ + Q. 

The theoretical useful effect of the 
machine is, calling it u, 

Wr -W»~ (T,- T.')"- (T,-T.)' 

and as we have from equation (18)* 

T, - T/ _ Ti _ T/ 
T„ - 1\ ~ T. -" T, ' 

therefore, 

T T 

tl = A. ^r-^f-Tfr = A . rp^/ J rjy^ y (20) 

T T 
* Transform (18) to ■=-= tf- Subtract unity from 

each side and solve for =r — ^. 

la - is 
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a result already found in § 3 by suppos- 
ing Ï/ = T,. If T/>T„ the useful 
effect is diminished. 

The efficiency of the machine will in- 
crease as Ti approaches in value to T^ ; 
that is to say, as the air is urged at a lower 
pressure into the reservoir. But as we 
lower the pressure of working, the quan- 
tity of negative heat produced diminishes 
also and becomes nothing when T/ = Ti . 

The necessary driving power W^— W^, 
which we proceed to calculate, should be 
augmented by the passive resistances. 

If we consider the refrigerating ma- 
chine as composed of two distinct ma- 
chines driven by the same shaft, we are 
led to consider that the work of the 
passive resistances is proportional not to 
the final work W^ — W,„ but rather to 
the sum of the work W^ + ^m devel- 
oped in the two cylinders. Considering 
the simplicity of the machine, the small 
amount of friction, and the absence of a 
stuffing box, we can admit that the work 
of the passive resistances should not ex- 
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ceed eight per cent of the above total 
work. 

The resistance of the machine is then 
1.08W,.-0.92W^.* 

Table I gives the amount of refrigera- 
tion obtained, and the work expended, 
by passing one cubic foot of dry air 
through the machine; the pressures in 
the reservoir varying from 1.5 to 4.5 
atmospheres. The temperature of the 
external air is taken at 59° F. ; the 
temperature of the air leaving the con- 
denser at 64.4° F.; temperature of the 
water about 55.4° F., V„ = 1 cu. ft., 
T„ = 5^ + 459.4 = 518.4, and m = 
0.07653 lbs. 

§ 12. An examination of the table 
shows the enormous influence that the 
passive resistances exert upon the effi- 
ciency of air machines. It is one of the 
consequence^ of the inherent cumbrous- 
ness which follows from the use of this 
body in a thermic machine f 

♦ This amount of friction waste is about three-fourths 
of that found in modern machines. 

+ For actual performance of air machines see Intro- 
duction. 
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The useful effect produced is not in- 
creased in proportion to the increase of 
pressure. It is of no advantage to em- 
ploy pressures higher than about 4.5 
atmospheres. Aside from the diminution 
of efficiency of the air at high pressures, 
a loss is occasioned by heat deyeloped in 
the compressor, and which extends to 
other working parts of the machine. We 
have said above, that, with a given ma- 
chine, we can vary at will the pressure Pi 
by varying the length of time of the 
opening of the admission valve in the 
cylinder B. If the time be shortened, 
the pressure and the cooling effect are 
both increased; and if the time be in- 
creased. Pi is diminished. It is necessary 
that we should vary at the same time the 
working of the emission valve, so that it 
opens at the moment when the piston 
shall have passed through a space equal 

Ti' 
to Vo,^ corresponding to the atmos- 

}>heric pressure on the inside of the ex 
pansion cylinder. 
A machine whose dimensions and ve 
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locity are such that it uses 35,316 cubic 
feet of air per hour will produce an effect 
equivalent to freezing from 0.1194 to 
0.4104 net tons of water, at 32° F. per 
hour, provided that tlïe driving power 
varies from 3.95 to 33.5 horse-power.* 

Practically, however, the useful effect of 
air machines is not so great as is indi- 
cated by the above table, as no account 
bas yet been taken of watery vapor in 
the air, nor of lost spaces in the machine. 

We will proceed to examine the in- 
iuence of these two causes of loss. 

INFLUENCE OF MOISTURE IN THE AIR. 

§ 13. This influence is not to be neg- 
-'ected. The vapor contained in the air 
condenses on the sides of the expansion 
cylinder, and parts with its latent heat 
of vaporization so that the final tempéra- 
ture of the air io Higher khan it would 
have been ii dr-^. 



* The compressor would nere ^e one of 18 In. diam. 
emd 90 in. ..troke running 65 reys. per minute, double 
iOtiiiM'. 
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Furtliermore, the snow produced from 
this moisture accumulates around the 
orifice of the cold air outlet and we can- 
!iot readily utilize the cold which is 
required to produce it. For these two 
reasons, but especially for the latter, the 
moisture of the air causes a notable loss. 

We proceed to calculate the volume 
Aid the temperature of the air at the end 
of the expansion under the supposition 
of a known hygrométrie state of the at- 
mosphere, from which we can easily de- 
duce by the tables the pressure of the 
vapor jo„ and its weight fx^ . 

In the compression-cylinder the watery 
vapor not being near the saturation 
point, and exerting a feeble pressure, will 
behave nearly as a perfect gas; its vol- 
ume and its temperature i»ve represented 
by the relations pv^ = a constant, in 
which A; = 1.41 and pv = E'mT; 



* The weight of one cubic foot of water vapor at at- 
mospheric pressure is 0.6'^2 of that of air. 
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The total pressure of air and vapor 
being represented by P, the pressure of 
the vapor being p, that of the air alone 
will be V — p, and we shall have, pre- 
serving our former notation, 



(p.- 



(p.- 



P.V.* 


= P.V.*, 


(21) 


i'.V,* 


= ?'.v.*, ■ 


(22) 


^.)V„ 


= Rr«T., 


(23) 


/'.V, 


= R>,T. , 


(24) 


^.)V. 


- R»iT, , 


(25) 


p.v. 


= R>.T,. 


(26) 



The work of the resistance to com- 
pression is 



or 

W, = |(mc + ;i.c')(T, -T.) 



K(27) 



c' is the specific heat, under constant 
volume, of the superheated vapor, its 
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lvalue being 0.3407. After cooling, the 
volume becomes 



V/ = V.îi-', (28) 

and we have 

p,V/ = R>.T/. 

From equations (21) and (22) we can 
deduce the pressure in the reservoir. 

We can determine by examining a table 
of tensions of saturated steam whether 
the pressure /?j is greater or less than the 
pressure which corresponds to the tem- 
perature T/. If it be less, the air will 
not be saturated with vapor when leaving 
the condenser, and the heat absorbed by 
the latter will be 

If the pressure jo, is greater than the 
pressure p/, corresponding to the tem- 
perature T/ for saturated steam, there 
will be a condensation of some of the 
vapor in the condenser; the amount 
condensed will be 
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and the pressure of the vapor entering 
into the cylinder B will be p/, that ol 
the air being P, — p'. 
We shall have also 



Vx A P,' 



We see that the quantity of vapor not 
condensed by the cooling, and passing 
into the expansion cylinder, will con- 
tinually diminish in proportion as the 
working pressure is raised. The influ- 
ence of the humidity in the air will 
therefore be less ac the pressure is made 
greater. 

The weight of the mixture of air and 
vapor, which is m -f- //^ if there is no 
condensation in the cooler, or w + fx^x' 
if there is a condenstition, is carried into 
the cylinder B where it encounters the 
surfaces cooled during the preceding 
sr^troke. We can neglect the influence oi 
these cold surfaces upon the air alone, 
but not upon the mixture of air and 
vapor. The latter is converted into Irost 
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nrliich releases' a certain amount of heat 
to be imparted to the metal, and which 
during the expansion is restored to the 
air. 

Supposing at first that there is no con- 
densation in the cooler, there is conveyed 
to the cylinder a weight //, of saturated, 
or nearly saturated, vapor at the tem- 
perature T/. We may assume, consider- 
ing the very low temperature of the sur- 
faces, that all the vapor is condensed 
here; it will disengage a quantity of heat 
C, which is approximately equal to 
ix^r/ + 143.2). r/ being the latent 
heat of the vapor corresponding to the 
temperature ^/, and 142.3 the latent heat 
of water, which is released on freezing. 

The heat C is gradually restored to the 
air during expansion. 

The volume introduced into the cyl- 
inder is 






the pressure remaining P, . 
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The differential equation of the work ia 



( 



c, being the specific heut of ice, = 0.5, or 
_ç_ c^ \flfT _ dC_ __ dY 

AR '"* + "AR^V T ART "" ~ '"^V" ' 
We do not know the law of relation 
between and T, , that is, the law ac- 
cording to which the heat, released from 
the water and ice formed, is communi- 
cated to the air. We are forced to make 
an hypothesis which is not rigorously 
exact, but which is a sufficiently near 
approximation. 

We will suppose that the transmission 
is proportioned to the fall of tempera- 
ture, and therefore that 

in which 

J-, J- J 

^ y is the loss of heat of each pound of vapor per 
degree of the entire range of temperature in tlie ez* 
pansion cylinder. 
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whence we have 



integrating we get 



= — m- 



dV 
V I 



AE 



(l + 



/^i^, + /«i^N 7^/ _ 7 V, 



nic 






or 



Js 



^('+'^'^^)'|-'='^'<^») 



we have, furthermore, 

P,V, = RmT„ 
P^V/' = RmT/, 



whence 



T' PV 



/f 



1\ 



PV. • 



Equation (29) can then be written 

We can obtain the exact value of T, by 
successive approximations. 




/ 
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An approximate value for T, may be 

T ' 
found by developing =p- into a series. 

We have 

T ' — T 
T/. ^ T/ + T", 

m rp / ^I^ ' 

■"■« 1 ^ ±9 

T.' + T, 

which may be developed into a series and 
all the terms after the first neglected, 
these being of the third power and over. 
Hence we have 

Ti J. ^' 4. /f!(!i±jii2_)i 

T/-T ._i{;-1 P. * 

T/+T, ~ 2 ?;• 



• Jog J-iî = log (t 4 a) - log a - «) 

log (1 + a?) = a? - -jj + -g . etc., 

a?* «■ 
log (1 - a?) ■ - a? - — - — , etc.; 

therefore log (1 4 a?) — loK (1 — a?) » 2af If temw ol' 
third power and over are disregarded. 
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Whence 

mke + Miei+ - — ^ %- 

Suppose now that condensation occurs 
in the cooler; we find by the tables the 
pressure of p/ of saturated vapor ol 
temperature T/, and we can deduce the 
weight of the vapor condensed in the 
cooler. 

We shall have then 

C = /i,a;/(r' + 142.2) 

and 

__ , r/ + 142 .^ 

y ~^ ^i rp / m • 

The equations (29) and (30) apply in 
this case as in the preceding. 

The quantity of disposable negative 
heat is 

Q = m*6(T. - T,), (31) 

since we suppose the negative heat of the 
•now formed to be lost. 
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Finally the work produced by the ex- 
pansion is 

(T/ - T.) - P.V. (32) 
or 
a „. = ^^^ + ^Ac. + r) (T^> _ ,r,). (33) 

If there is a condensation in the cooler, 
we should replace //, in equations (32) 
and (33) by M^x/. 

§ 14. Table II gives the cooling and 
detailed effects obtained from one cubic 
foot of air supposing it half saturated and 
at a temperatyre of 59° P. The weight 
of the air is then .07589 instead of .07653 
lbs., which is the weight of dry air at this 
temperature: 

We have also* p^=^ .123 lbs. per sq. in. 
and pi, = 000391 lbs. 

♦ The tension of water vapor at 59® F. is 0.246 lbs. per 
aq. in. This corresponds to a hygrométrie state of 
nniiy, or complete saturation. Hence 0.1*23 lbs. cor- 
responds to hair saturation. 

The value of mi i*^ the weight of one half a cu. tt. of 
steam at 59** F. See table, p. 386, D. K, Clark^s Manual. 
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In comparing this table with Table I, 
we see that the influence of the hu- 
midity of the air upon the results ob- 
tained is the greater when the pressure 
is low. We have made a similar remark 
in reference to the passive resistances. 
The theoretical advantage, therefore, of 
low pressures is practically much dimin- 
ished by these causes of loss. 

It is possible to neutralize almost com- 
pletely the influence of moisture in the 
air. To accomplish this it would suffice 
to employ the air after it had produced 
its cooling effect and had parted with its 
moisture. It would be necessary to make 
the refrigerating machin^ a closed* ma- 
chine, making the same quantity of air 
serve indefinitely. The cooling would be 
produced by causing the cooled air to 
pass through an apparatus surrounded 
by some liquid not easily frozen, such as 
a solution of calcium or magnesium chlo- 
ride. A part of the negative calories 



* Socta a cycle is accomplished in the Allen Dense Âir 
Machine, in which the influence of moisture in elimin* 
jkted as su^ested above. See foot-note, S 3, p. 0. 
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would thus be used, as well as by direct 
contact, and so many as are not used 
would not be lost, as /the air passes 
directly to the compressor A, not at 59° 
F. as before, but at 17.6° or 14° F. of 
temperature. We think that it is only 
in this way that we can improve the air 
machine so that it can compare favorably 
with the machines using a liquéfiable gas. 

INFLUENCE OF WASTE SPACES. 

§ 15. We will suppose the air to be 
dry in order to avoid complexity in our 
calculations. 

Preserving our previous notation and 
calling V the amount of useless space in 
the compression cylinder, v' that of the 
expansion cylinder, and // the weight of 
air enclosed in the space v at the end of 
the compressiou, we have : 

• Po(V^. + t^r = P.(V. + ^;)^ (34) 

P.(V.+ f) =R(«i + yu)T,, (35) 

P.V, = RmT. , (36) 

P,v=UmT^, (37) 

m being the weight of dry air driven out 
of the compressor. 
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Equations (34), (35), (36), and (37) 
give by elimination of pi 



T 

and 



> ^«vv. + W ' (3^) 



T. = T.(^)"' (39) 






The work of resistance to compression, 
taking account of the work restored to 
the piston by the air in the waste space 
expanding from P^ to P„, is, 

+ ^^^0^1^^- (40) 



♦Referring to Fig. 1, p. 4, let OA/ represent the 
clearance volume v. Then 

By the general form, equation (G), § 10, we have, there, 
fore, 

^'' = lèri ^P^(^» + ^'^ - Po( Vo 4- 1')] 



43 

For the coojling period, 

V/ = V.^, (41) 

and 

P,V/=RmT/. (42) 

The heat Q, absorbed by the water of 
the condenser is, 

Q, = mkc{T^ - T/). (43) 

Period of Expansion. — The air com- 
ing from the reservoir R' under pressure 
P, and at the temperature T/, should 
at the moment of opening of the inlet 
valve- cause the air in the waste space, 
whose volume is v', to change its press- 
ure from P„ to P, . ' This influences the 

u 1 

temperature T/' of the contents of the 
clearance spaces and also the weight m' 
of the air which passes from the reservoir 
into the waste space. 

Tlie dimensions of the reservoir being 
very large in comparison to the waste 
spaces, we may assume that no change 
occurs either in temperature or pressure 
of the reservoir, while the waste spaces 
are filled with air at the pressure P, . 
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Call //' the weight of the air enclosed 
in the waste sptice at the moment that 
the inlet valve opens. We then have 

Py = R//'T,; (-14) 

1\ being the final temperature of the 
expanded air. 

The stored up work of this air is : * 

The weight vi' of air entering the waste 
space having a temperature T/ and a 
pressure P, has a stored energy of 

-m'T ' 
A '• 

After the waste space is filled, the 
stored up energy of the total quantity of 
air m' + /^' contained there is 

and we have, furthermore. 



•This "stored-up work" is 'equivalent to xhe "in- 
trinsic enei-STy." Kankine Steam Engine, Art. 247. 
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As \vr suppose there is neither loss nor 
gain of heat from the exterior, the differ- 
ence between the stored energy of the 
mixture after the mass m' is introduced, 
and the sum of the stored energies of the 
masses m' and jâ' before mixing is equal 
to the exteu'nal work performed. 

Let v/ equal the volume of m' before 
its introduction into the cylinder under 
pressure P^ and temperature T/. Then 
the exterior work is 

¥^v/ = E??^'T/. 

We have also* 

- i^''' - 1"'"^.' + i 

{m' + n')T," = Rm'T/. (45a) 

* The equation [45a] ia possibly more clearly derived 

as follows:— By the assumption, page 43, viz.: that the 

reservoir suffers no change of pressure or temperature 

during the exit from it of the volume u,' necessary to 

fill the clearance space, we may say that the clearance 

space of the expansion cylinder contains the follow^ing 

amounts of energy expressed in mechanical units: 

c _ _ . 

— fi'Ta — Remaining in the space after exhaust stroke 

of expansion piston. 
c 

—m'T,'— Contained in the volume v,' as it leaves the 
A 

reservoir. 
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c K 

Replacing -r by j- — -* and combining 

with equations (44) and (45) 

-' = ^^kl^'t (46) 



PlVl'-{ 



Work done upon the air v,' in ejecting it 
from the receiver. This work is part of 
that exerted by the compressor piston dur- 
ing the ejection of air from the com pressor. 
Since the piston of the expansion cylinder is station, 
ary during this action, PiVj' appears in superheating 
effect. 

The total energy is the sum of these items which 

must equal the expression t-(»h' -\- m')Ti". 

Therefore 

PiVi' + ^^^'Ta + |-m'T/ = |.(m'4-ft')Ti"; 

whence we have (45a). 
* See foot-note, I 5, page 12. 

t Substituting jTZTI ^^^ T ^^ ^^^^ ^* htiye the rela- 
tion 

^5|V = R».'T.'(l + ^j) = Em'T,' ^j. 



whence 
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* VI -4- U } 



vr + ^' 



î-(47) 



When the inlet valve closes, the piston 
has described a volume V/', which has 
been filled by the weight /^i" of air at 
pressure P^ and temperature T/. We 
have then. 

There is no external work pei'formed 
upon the total mass of air, since the 
negative work of the piston P^V/' is 
exactly equal to the positive work ex- 
erted by the air of the reservoir. The 



" In (45a) substitute (k - 1)— for R. 

A 

Solve for Ti" and we have 

In this equation put for m' its value in (46) and for jn 
its value from (4-4) and we have 

J..- R R = P,fcT,'Ta 



kR'iy RTa 



48 



weights and temperatures of the air at 
the beginning and the end of the intro- 
duction possess the following relations: 

£(m' + /i)T/'+ |m"T/ 

T/" being the temperature at the end of 
the introduction. 
This equation gives. 



* From (45) 
From (46) and (47a) 

Substituting these in (476) and reducing we have 

Pi(V,' + v')-l(P,-Po)v' 
rp /// ^ "' 



R(m + /ui') 
By (42). m = ■^'. 

By (44), fi' = ^', 

hence m + m' = rt ^t ' 

and this substituted in the above value of T]'" gives 
<48). 



49 
or 

P.(V/+i;')-r(P~PoK 

nn Iff z. T "T • 

• "" P,V/T,+PyT,' • ^^ 

(48) 

we also have 

P.(V," + v') = R(m + //')T/", 
or substituting T/" from (48), 
P.(V/' + V) = P.(V/ + v') 

-^(P.-P>';* (49) 



* (49) gives 



Vj^ + t/ = V,'4-v' - ^\^ % ^ (49a) 

But from (46), 

whence Vi' = ^,-, — ^' 

which is the volume entering the clearance space v*" 
from the receiver at the pressure Pj . Consequently 

I '1 — * # 

*" - -^ * 

is the volume of the air remaining in the clearance 
space of expansion cylinder after it is compressed to 
Pi . Hence (49a) expresses the fact that the volume 



I 
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V/ is given by equations (38) and (41). 
Equations (49) gives the value of V/'. 

The inlet valve being closed, the mass 
of Siir m-\- pi which is at pressure P, and 
temperature T/" expands without gain 
or loss of heat since we nt^glect the influ- 
ence of the sides of cylinder. At the 
end of the stroke, this volume becomes 
V, + ^'* î^s temperature T, and it press- 
ure P, . We have then 

P.(V, + v')" = P,(V." + v')", ^ 
or 

P,(V, + v')" = P, !^ (50) 

and 

PAy. + v')^'R{m + M')T,. (51) 

Equations (50) and (51) give V, and 
Tg if Pg is known, or P, and T^ if V, is 
known; this latter being the volume de- 
scribed by the piston of cylinder B. 

present at cut-off in the expansion cylinder is the sum 
of the volume V,' ejected from the receiver and the 
volume left in the clearance t^pace» o/^er this volume is 
compre aed to P, . Eq. (49) may be written directly 
from (46) by aid of this conception. 
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We have 




T, = T/"^3 . (51a) 



When there is no waste space we have 

fc-i 
T, = T/(?3) * . (510) 

As T/" is greater* than T/, it results 
that for a given weight of air passed 
through the machine, at a given work- 
ing pressure, the final temperature of 
the expanded air would be higher, and 
consequently the number of negative 
heat units produced would be less than 
if there had been no waste spaces. 



* The truth of this statement appears by substitution 
of numerical data in (45a) and the subsequent discussion 
of (47ft;. Thus for Pj = 4 atmospheres the superheat- 
ing due the work PiVj' performed upon the contents 
»u'4-/*' of the clearance space v,' so far exceeds the 
cooling Influence of the low temperature Tj of the por- 
tion /*', that the temperature T," is about 120» Falir , 
or r^e degrees above Ti'. 

Hence in (47/>) the numerator must be greater than 
(ni'-|-M' + wi'0Ti' = (m4-/uL')Ti', whence T,'" must be 
greater tlian Tj'. 
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The work is equal to 

« 

W„= ^(P.V/-P,V.)+(P,-P.)V. 

+ Ï^(P.-P>'. (53) 

§ 16. In order that the machine should 
work to the best advantage it is evi- 
dently necessary that the air should leave 
the cylinder at atmospheric pressure, that 
is, that P, should equal to P„. There 
ought then to exist a certain relation, be- 
tween the volume of the compression cyl- 
inder V^ + V, the pressure in the reservoir 
P, and the volume of the expansion cyl- 
inder Vg + v', which may be determined 
by the above equations. To fix the di- 
mensions of a machine we may assume 
Y^ + v and P, as given, and then deduce 
the value of V^ + ^'• 

If we make P, = P^ equations (50) and 
(51) will become 

p.(v, +»')* = ?, Icvz+^O 

1 p — p )* 



53 

and 

P.V. = E»»T„ 

whence 

p. V.+t;+P.(V.tf)r T/Jr 

(53) 

Ledoux, as he probably considers equal per cents of 

clearance in both compression and expansion cylin- 

dei-8, in which case we have the approximate relation 

T ' 
v' = -—V. This approximation is not admissible for 

all percentacres of clearances. 

It should be noted that Vo in (53) is the volume Ai'Ao 
in Fig. 1, p. 4. If then the volume A^Ao be taken as 
one cubic foot, which is the case in Table m., we have 

which substituted in (63a) gives (68) by considerable 
reduction. 

A more convenient form for calculating the value 
of Vg may, however, be obtained from equation (62(i) 
as follows: 

We have 

_ RmTV 

^' -"pT- 
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The work is 

Wn. = ;fc^(P.V.' - P.V,), 



or 



y (54) 



W„ = ^'(T/ - T,). 



This value for the work is the same as 
found in § 7, wliere no waste space was 
allowed for; only the final temperature 
T being greater for the same weight and 
pressure, the work of the air is less. 

Substituting this in equation (52a) we have 

1 

^« + ^'=(po>> (-Pr+^ ^^""1^^ 



Hence 



v.+--(;-:>G'+r-i^"0=(S)^^-^?-- 



From which 



V, = 



^Po-^ P| 



^^^,b-(^r(^-v-^)-] 



(53a). 



V' 



In which =- is the proportion of clearance in the ex- 
pansion cyHnder. 
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;' \V 



/ 



(55) 



The work of the resistance of the 
machine is then 

W'-W*» = ÏZ-i[P.(V -V.') 

or 

(T. - T/ - T. + T.). J 

The negative heat produced is 

Q = mkc{T^ - TJ, (56) 

Q,-Q=A(W,-W^). (57) 
The useful effect of the machine is 



T — T A<^ v^ 

_.»_____J! «^ v^ 

T. - T/ - T. + TJ' - ., ,,.. 



or 



A 



T, 



T — T ' 



rii 



(58) v^ 



T, - T 



♦ We have from eq. (51a) and (39) -7^— = — *. Hence 

la A© 

fp rn itt 

To — Ta = ^ — ^— To . Substituting these relations in 
Ti 

the equation for u we obtain eq. (58). 
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As T/" is greater than T^ , the useful 
effect is less than if there had been no 
waste space. 

§ 17. Table III exhibits the results 
of a machine haying a waste space of 
4 per cent of the volume described by 
the pistons. The amount of air used 
being one cubic foot at 59° Fahr., and 
weighing .07653 lbs. In the cooler the 
air is brought to 64.4° Fahr. 

By comparing these results with those 
of Table I, we see that the effect* of 
waste spaces is by no means to be neg- 
lected since it results in a loss of about 
400 heat units for each theoretic horse- 
power per hour. 

* If the clearance of the compressor was as great as 
four per cent, in practice, the effect of this clearance 
would be to require the volume A/A,, Fig. 1, p. 4, 
for four atmospheres, to be about 11 per cent of the 
length of the compressing cylinder. 

As a matter of fact, however, the clearance of com- 
pressors is not quite one per cent of the piston dis- 
placement. This would reduce the extra size of cylin- 
der to about 2% per cent, but the theoretical loss in 
economy would be the same as given above for four 
per cent clearance since by eq. (53«) tlie volume V^ , and 
hence the temperature Ta for a ,çiven weig^ht m of air 
are independent of the compressor clearance. 
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§ 18. We can neutralize the infiaetco 
of waste space by closing the outlet yalyfi 
of cylinder B before the end of ib9 
stroke^ so as to compress the air in thri 
space; the stroke of the piston bein^ 
exactly determined, the air in the waste, 
space may be brought at the opening ot 
the inlet yalve. to the température P/ 
and the pressure P/.* 

In this case equations (34) and '43) 
apply without change. 

During the period of expansic we 
have 

P,(V, + vr = P.(V/ + t.')*, (59) 
P,(V, + V) = R(«j + M')% , (60) 

py = Em't/ (61) 

whence 



♦ This condition will not be exactly realized, unless 
the air at the commencement of compression is at the 
same pressure as the air at the end of expansion, for, 
if this is not the case, the air compressed in tlie clear- 
ance space will be at a different temperature than Tj'. 
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We must adjust the "cushioning^' 
caused by the piston of the expansion 
cylinder so as to compress the air in the 
waste spaces from P^, to P^ , hence 

W.= — (P.V/-P,V,) 
+(P,-P.)V,+^^Py^p [ (63) 

+^-J(p.-p>',* 

or 

W™ = ~{T/ - T,) + {k- l)'p. 

(-l:)-<*-<(lf.-.) 

+ ^"(T/ - TJ. t 

T,' being the temperature of the air in 
the cylinder at the moment compression 
commences before the end of the stroke. 



mc. 



* See foot-note p. 42. 



Ijl'c 



t The term -r-^'^i — Ta) is not given by Ledoux. 
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We have then 



W, - W„ := 



k 



k-\ 



[P.(V.-V/)-P.V,+P,VJ 
+(P.-P,)V,+^P.(t;-t;') ^ <^'*' 

V —V 1 

When the machine is well-regulated, 
the final pressure P^ = P^ and the equa- 
tions (63) and (64) become 

w„ = ^(P.v/ - P,V,) , 

h V — V 







^k- 


1^»" 


Y,-v 


or 


w„ = 


mkc 
~ A 


(T/ 


-T.), 


and 










w,- 


■w„= 









k 



ï±3[P.(v-v.o-P.(v.-v,)] 



(66) 



60 
We have also 

We see that in equation (66) the term 
relating to waste spaces disappears if we 
make v = v\ The equation then be- 
comes 

w, - w„ = 

^LP,(v, - v/) - p.(v. - v,)]^ 

The volume V, + ^' is determined by 
means of equations (39), (41), and (67) 
when the pressure P, is known. 

Reciprocally whenVo, v,Y^, and i;',the 
dimensions of the machine, are known 
then V/ is readily found, and conse- 
quently P, and T, , the pressure and 
temperature at the end of the stroke in 
cylinder B to insure the escape of the 
air at the atmospheric pressure. 

Effect of Injecting an Excess of Water 
into the Compressor. 

§ 19. It was remarked m § 5 that the 
efficiencv of the machine could be no- 



I 1 
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tîibly improved by cooling the air in the 
interior of the compressor cylinder. 

This result can be accomplished, in 
part at least, if not completely, by means 
of a jet of water, such as is employed in 
air compressors. 

We will proceed to calculate the work 
necessary for the compression in this 
particular case, neglecting the effect of 
waste spaces. 

Let m be the weight of dry air occu- 

• pying the volume V„. Let M represent 

.-^ the weight of water injected together 

: with the amount of moisture into the 

} air, and M^ the weight of the vapor at 

any instant. 
^ The dilatation or compression of the 
\ mixture of the vapor and air is effected 
J^ in such a manner as to satisfy the differ- 
; ential equation, 

<^ mcdt + ^{dq + dxp) - - APr7V, (69) 

which expresses the fact that variations 
" in the internal heat of the mixture equaî 
'"" the variations of work accomplished. 
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We have also 

dq = c^dty 

<?j being the specific heat of water, 

.We may then write the differential 
equation 

(rtic + ^cyt + ApdY = - [Md{xp) - 
+ A(P - j9)c?V] = - \Md{xp) 

+ A^mTdV], [by (70a)] (69a) 

p being the tension of the vapor, and P 

that of the mixture. 

Then 

xp = xr — Apxu, 
d{xp) = d{xr)—Kpd{xu) — Azudp, 

and 

dY = Ud{xu). 

.% d{xp) = d{xr) '-^ Axudp. 

p is the latent heat of the vapor; 
r is the heat of vaporization ; 
u is the increase of volume of a kilogram 
of water vaporized. 
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We know also that 



. dp ___xr* 

We have then 

Ud{xp) + ApdV = u[d{xr) - ^^ 
or 

By (69a) we then have 

(mc + McJ^ + ARm-y = - Mrf \~j . 

Integrating between the limits T^ and 
T.. 

(nu> + Mc.) B + M^ - ¥^^ 

-L, J-o J-| 

+ ARml—' = 0, (70) 

^ 1 

V V 

Ma:« = — ® and Mic, = — ^ ; 

— and — are very nearly the weights per 

^^9 ^^1 

* Rankine's Steam Eogine, art. 255. 
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cubic foot of the vapor under the press- 
ures p^ and ;o, • 
We have, furthermore, 

V. = R»«p-ï^ (70«) 

Equation (70) will give M when Tj and 
T^ are known. 

AW, = mc(T. - T.) + M(y. - q, 

+ ar,p, - x,9,) + A(P,V. - P.V.) 
or 

+ M(y, - î'o + ^1^1 - a;,r,). (71) 

This equation gives the work of resist- 
ance when M is known.* 



* The two equations (70) and (71), which express tbe 
relations between the volumes and the temperatures of 
a mixture of air and vapor, which is compressed or 
dilated, and which determine also the value of the 
work, are applicable to the Mekarski compressed air 
street-car motor. 

In this machine the compressed air is reheated just 
before it is introduced into the expansion cylinder by 
being forced through water, having a temperature of 
100*» to 150«». The cylinder then contains air and satu- 
rated vapor, heated to a mean temperature of 100°. 

The weight M of equations (70) and (71) is then the 
weight of the vapor contained in air, saturated at the 
«^^emperature at which it leaves the hot water. 
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In M. Colladon's compressors, into 
which a spray of water is injected, the 
air being compressed to four atmospheres, 
the temperature T^ does not rise above 
122° F.,* the external air being about 
59° F. 



* Ko indicator cards ■ were taken off the Colladon 
compressor, it beinjç assumed that the low tempera- 
ture of«the air at exit from the compressor greatly 
reduced the work of compression. It is now knoMsn, 
however, by experiments on other compressors, that a 
temperature at ihe exit as low as even 90** F. produces 
but little effect in reducing the work of compression. 
The fact seems to be that the cooling influence of the 
water occurs after the compression is complete. 

In the case of the test of the Bell-Coleman air-refrig- 
erating machine, reported by Prof. Schrôter, air 
compressed to about 4 atmospheres was elevated in 
temperature only 34° F., its temperature of exit from 
the compressor averaging about 80** F. Nevertheless 
the curve of compression is practically identical with 
the adiabatic. In the case of experiments made by 
Mr. F. T. Oause, at Hoboken, a spray was made by the 
collision of two streams of water striking each other at 
an angle, as in the case of Colladon*8 practice. Such 
spray injected into an 8 x 12 air-compressor under SOO 
lbs. pressure, so that the volume of water supplied was 
1/500 part of the volume of air compressed (the volume 
of water in Colladin^s practice was only about 1/1300 of 
tlie volume of air) failed to secure a lower value of the 
exponent a than 1.25. Such an exponent realizes about 
1/3 of the theoretical saving possible if the compression 
curve was an isothermal line, i.e., followed the law of 
Mariette. The compressor was run at 100 revs, per 
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We deduce then per en. ft. of air com- 
pressed^ 

Y, = 0.28429 cu. feet; 
M = .0357 lbs.; 
W^ = 3132 ft.-lbs. 

When the compression is effected with- 
out external cooling, we found in § 11 
that the work of compression = 3614 
foot-pounds, which shows a gain in the 
above process of about 13 per cent. 

It remains to determine W^ for any 
pressure without any known value of Tj . 

When a certain volume of air is dilated 
or compressed, with or without the addi- 
tion of heat, the relation of pressure to 
volume is expressed by the equation 

PV** = a constant. 



minute, single-acting:, and the highest air-pressure was 
100 lbs. above the atmosphere. The exit temperature 
of the air was maintained at 90** F., either by the per- 
fect spray injection or by the same quantity of water 
injected as a solid half-inch stream. In the latter case 
the exponent a averaged 1.36. 
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and 



a-l 

(73) 





T. 
T. 




-pJ 


which 


gives 






a- 1 




log T, ■ 


- log T. 



a -\og{Y,-p,)-\og{V-py ^^^^ 

T, having been found by experiment, 
equation (74) gives a. 

Making, in (74), P^ = 4 atmospheres, 
T, = 581.4, and T„ = 518.4 we find a = 
1.0913.* a being thus determined, equa- 
tion (73) will give T, . Only jt?, being a 
function of ï^ , the latter must be found 
by successive approximations. 

Equation (70) gives 

Y r Y r 

nc^ = 0.4343- ^°'^" f -^-^ + 0.5888m. 

log rn- 



^0 > ^0 * ^1 * ^^d ^'a ^^^ furnished by the 
tables. 



• It is evident from the preceding foot-note, p. 85, 
that so low a value of a was not realized in the Col- 
laden compressors which gave fi = 1:22^ or Tt = 581.4. 
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Finally we obtain W^ by equation (71). 
The saturated air in passing into the 
cooler is reduced in temperature from T, 
to T/, and a portion of the Fapor i« con- 
éeameà. ^herwm^t «f Taper remaining 
and introduced into the expansion cyl- 
inder is 

■I 
7 being the weight per eu. ft. of the 



vapor corresponding to the tempera- 
ture T/. 

We will now calculate the cooling pro- 
duced by the expansion and the work as 
explained in § 13. 

§ 20. Table IV exhibits the results 
obtained from a cubic foot of air satu- 
rated at 59°, since the sides of the com- 
pressor cylinder are covered with water. 
The weight of the air is .07524 lbs. 

An examination of this table and a 
comparison with the table of § 14 shows :* 

* By virtue of facts stated in foot-note, page 65, 
the efficiency available by water injection should be 
considered to be about the same as in Tables 1,, II, and 
III. 
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Ist. Tiiat the injection of water into 
the interior of the compressor cylinder 
increases the efficiency 40 to -50 j)er'cent. 

^d. That the efficiency is at a naaEft- 
mam at a pressure of 2 1/2 atmospheres, 

3d. That it diminishes, though slowly^ 
as we vary from this pressure. 

4th. That the quantity of snow or ice 
produced is not greater than that which 
comes from the moisture of the atmos- 
pliere. 

The most favorable working pressure 
appears to be in this case nearly 4 atmos- 
pheres, since we obtain then a sufficiently 
good result (2.7 to 2.8 negative heat units 
per cu. ft. of air), with a relatively good 
performance of 4800 negative Leat units 
per hour per horse-power. 

Theoretically the injection of water 
into the compressor affords a great ad- 
vantage. But it is possible that the 
«rater resulting from the condensation of 
vapor in the cooler does not all l-emaiu 
in tho reservoir, but that a portion* is 



* The water is iu practice mechanically separated by 
the use of several receivers, or by diaphragrms or de- 
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carried mechanically into cylinder B. 
The results indicated above for the ef- 
ficiency would in such a case be con- 
siderably modified, and the increase in 
the quantity of frozen vapor would con- 
stitute in practice a grave inconvenience. 
Experiment can alone decide this 
question. 

Refrigerating Machines Employing Va- 
pors of Volatile Liquids, 

We have examined in the preceding 
pages nearly all the problème relating 
to the air machine. We will pass now 
to the study of the second class of ma- 
chines, or those which transform motive 
force into negative heat by the employ- 
ment of a liquéfiable gas. 

§ 21. The principle of these machines 
is the same as that of the kind described 
in the last chapter. The gas is com- 
pressed, then deprived of its heat, and 



flector plates in a special receiver. Moisture is also 
precipitated from tlie air by chilling it while under 
pressure or before it reaches the expander. 
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finally caused to expand in such a man- 
ner as to lower its temperature. Only 
ill this instance the abstraction of the 
heat which follows the compression has 
the effect to liquefy the gas, and it is the 
vaporization of tlie resulting liquid which 
produces the lowering of the tempera- 
ture. 

When a change of volume of a satur- 
ated vapor is made under constant press- 
ure, the temperature remains constant. 
The addition or subtraction of heiit, 
which produces the change of volume, is 
represented by an increase or a diminu- 
tion of the quantity of liquid mixed WMth 
the vapor. 

On the other hand, when vapors, even 
if saturated, are no longer in contact 
with their liquids, and receive an addition 
of heat, either through compression by a 
mechanical force, or from some external 
source of heat, they comport themselves 
nearly in the same way as permanent 
gases, and become superheated. 

It results from this property, that re- 
frigerating machines using a liquéfiable. 
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gas will afford results differing according 
to the method of working, and depend- 
ing upon the state of the gas, whetlier it 
remains constantly saturated or is super- 
heated during a part of the cycle of 
working. 

§ 22. We will suppose first that the 
gas is constantly satnated, and will 
examine the conditions to be fulfilled 
under this hypothesis and the results 
that may be obtained. 

Employing the notation of the preced- 
ing chapter, we will designate by m the 
weight of the gas employed, P, and T^ 
the pressure and the absolute tempera- 
ture of the cooled gas, P^ and T/ the 
pressure and the absolute temperature in 
the condenser. 

The pressures P^ and P^ are deter- 
mined by the temperatures 1\ and T/. 
These are the pressures of a saturated 
vapor at these temperatures, and are 
given in Eegnault^s tables. 

The temperature of the condenser is 
determined beforehand by local condi- 
tions. Depending on the surface, the 
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interior of the condenser will exceed by 
9° or 18° the temperature of the water 
furnished to the exterior. This latter 
will vary from about 52° F. the tem- 
perature of water from considerable ^epth 
below the surface, to about 95° F., the 
temperature of surface water in hot 
climates. The volatile liquid employed 
in the machine ought not at this tem- 
perature to have a tension above that 
which can be readily managed by the 
apparatus. 

On the other hand, if the tension of 
the gas at the minimum temperature is 
too low, it becomes necessary to give to 
the compression cylinder large dimen- 
sions, in order that the weight of vapor 
compressed by a single stroke of the 
piston shall be sufficient to produce a 
notably useful effect. 

These two conditions, to which may 
be added others, such as those depending 
on the greater or less facility of obtaining 
the liquid, upon the dangers incurred in 
its use, either from its inflammability or 
unhealthf ulness, and finally upon its ac- 



74 



tion npdn the metals> limit the choice to 
a small number of substaji^s. 



The gases or vapors available are: Sul- 
phuric Ether, Sulphurous Oxide, Am- 
monia, Methylic Ether, and Carbonic 
Acid. 

Table V., derived from Regnault, ex- 
hibits the tensions of the vapors of these 
four substances at different temperatures 
between - 22 '^ and -f 104°. The original 
tables expressed the tensions in milli- 
meters of mercury. To facilitate com- 
putation, the tensions are here given in 
pou7ids per square inch. 

An inspection of the table shows at 
once that the use of ether does not 
readily lead to the production of low 
temperatures, because its pressure be- 
comes then very feeble. 

The ether machine is, however, aban- 
doned. Ammonia on the contrary is well 
adapted to the production of low temper- 
atures; but its elastic force is very great 
at temperatures from 59° to 86° which 
are readily produced in the coiideîiser. 
It is not a good aid to the transformation 
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TAbj-E v.— Pressures and Boiling Points 
OF Liquids available for use in 
. Refrigerating Machines. 



^- o 2 
S s3 



Fahr. 



(1) 

- 40 

- 81 

- 22 

- 13 

- 4 
5 

14 
23 
3t» 

'■41 
6) 

. 59 
68 

i i 

86 

9-) 

]04 



Tension of Vapor, in lbs. per sq. in., abo^e 

Zero. 



I Sul- 
phuric 
I ether. 



Sul- 

phurdi 

oxide 



Am- 
monia. 



(2) 


(3) 








5. 56 


. 


7.23 


1.30 


9.27 


1.70 


11 T6 


2.19 


14.75 


2.79 


18.31 


3.55 


22.53 


4.45 


27.48 


5.54 


;«.26 


6.84 


89.93 


8.38 


47.62 


10.19 


56.39 


12.81 


66.37 


14.76 


77.64 


17 59 


90.32 



(4) 

10.22 

13.28 

16.95 

21.. 51 

27.04 

33.67 

41.-58 

.50.91 

61.85 

74.55 

89.21 

105.99 

125.08 

146.64 

170,83- 

197.83 

227.76 



Methy- Gar- 
lic I bonic 
ether, 1 ac d. 



(5) 



(6) 



11.15 
13.85 
17.06 
20.84 
25.27 
80.41 
3(>.84 
43.13 
50.84 
59.56 
69.35 
80.28 
92.41 



2.51.6 
292.9 



840 

893 

4.58 

520 

594.8 

676 9 

766.9 

864.9 

971.1 

1085.6 

1807.9 

1338.2 



Plctet 
fluid. 



(7) 



18.5 

16.2 

19.3 

22.9 

26.9 

81 

86. 

41 

48.1 

55.6 

64.1 

73.2 

82.9 



.2 
.2 

.7 



Columns 2 to 6 have hf»en deduced directly from the 
results Riven liy Re^nault. The figures eriven above do 
not H gree precisely, in the case of carbonic a'îid, with the 
t'lbie given at the end of this work. This is due to the 
fact that in some cases the pressures in the table are 
calculated by a formula tluit is made différent in form 
from that given by Regnaiilt. Column 7 is derived 
from a curve of pressures Hud ten-peratures given in a 
work by R. Rudolff Grtibs, enrit'ed '* Kompres'sions 
Klilte-Machinen.'" The Pictet fluid is a mixture con- 
taining about 97 pel- cent of sulphur dioxide and 8 per 
cent of carbonic acid. 
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©î mechanical force into heat, on account 
of the diflftciilty of maintaining tight 
joints in the apparatus, and of the* influ- 
ence of waste spaces at the high press- 
ures.* Methylic ether yields low tem- 
peratures without attaining too great 
pressures at the temperature of the con- 
denser. Finally, sulphur dioxide readily 
affords temperatures of +14° to +5°, 
while its pressure is only 3 to 4 atmos- 
pheres at the ordinary temperature of 
the condenser. These two latter t^ub- 
stances then lend themselves conveniently 
for the production of cold by means of 
mechanical force. 

§ 23. Let c be the specific heat of the 

liquid employed. 
q the quantity of heat neces- 
sary to raise 1 pound of 
the liquid from 32° to 

T° - 459.4°. 



q = c{T - 459.4) 



* American practice has reduced the cleararu>e to 
less than one per cent and improvements in firrings 
now makes pressures of 2C0 lbs. per sq. incii as safe as 
Hrere pressures of 60 lbs . ten years ago. 



77 



A^ r, p the, total heat^ the he»t of vapQ& 
ization, and the internal latent h«at <odE 
tlie vapor considered at the teffiperi»* 
tureï° -459.4.°* 

u, tlie increase of volume of one pound 
of liquid vaporizing At T° — 459,4.° 

We have by definition 

A = r + J, 
p = r — AP«. 

We will apply iniioes to these quantir 
ties similar to thoae which affect the let- 
ter T in designating the different abso- 
lute temperatures. 

In order that the vapor be const9iitly 
saturated, it is necessary that the quanti- 
ties of liquid and of vapor taken into the 
compressor at once be such that at the 
end of the compression all the liquid 
shall be vaporized and the vapor shall 
not be superheated. 

If we let a:/ represent the proportion 



* The quantity r = p -f APti is called by English 
writers the latent heat of evaporation. This is the 
qnantity fnven by Rpfrnaiilt's experiments, and tabu- 
lated in D. K. Clark^s Manual, as the latent heat. 
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of vapor contaiued in the mixture at the 
commencement of the inflow, the work 
of compression will be equal to the dif- 
ference in tiic amount of internal heat of 
the mixture at the beginning and end 
of the compression, that is to say to 

^'K^x' - (Za + Pi' - ^/PJ-* ("4«) 

The work of the inflow into the con- 
denser will be PiV/, in which V/ is the 
volume occupied by a weight m of the 
vapor at the end of the compression; 
and the work of the back pressure will 
be PgVg , V, being the volume occupie( 
by the weight mor^' of vapon 

We have also 

V, = m7::{,i, + y, (75) 



and 



* This is the work between the compression curve 
and the line of zero back pressure. The work of out- 
flow is not included. This formula holds good for 
those vapors that tend to superheat during compres- 
sion, and must be slightly modified to fit those that 
condense— such as ether. Seje § 24, page 60. 
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â being the weight of the liquid in lbs. 
per cu. ft. supposed constant. 

We may neglect the fraction which is 
very small, and write 

from which we may get 

mr/ = mp/ + AP^V/, (75a) 

and 

mr, = mp, + AP,V, . (750) 

The total work of ' the compression in- 
cluding the outflow is 

AW^ = m(q,' -q, + r/ - cc/rj.* (76) 

As the compression follows an adia- 
batic curve, the quantities ^/, q^ , r/, i\ , 
T/ and T^ bear the following relation :f 



T^--T 



T ' 

2 -^ 1 



♦ The total work of compression includipg outflow 
= the value given in (74a) + P,Vi' - V^Y,/. Substitut- 
ing in this the value given in equations (75a) and (7&b) 
we obtain (7t>). 

t This is the fundamental equation of adiabatic ex- 
pansion of a saturated vapor. Rankine St. Eng. , Art. 
28»; Rontgen's Thermodynamics, Chap. XXIII.; Wood'p 
Thermodynamicjs, Art. 112. -' ' ' 

\frjr. A- ^_ 






-=»■ 





or more simpl}^ ^ 



Equation (77) will give the quantity 
x^\ Consequently equation (75), when 
we know on y furnishes the volume V, 
that the piston should describe during 
the aspiration in order that all the liquid 
shall be vaporized at the end of the 
compression; or, inversely, the weight 
m may be found if V, be given 

The vapor flows into the condenser 
where it is liquefied. 

The heat absorbed by the water of the 
condenser is 

Q^ = mr/. (78) 

The liquid then passes into the ex- 
pansion cylinder where it is vaporized, 
producing work till it attains the press- 
ure P, and the temperature T, of the 
refrigerant. At the end of the cxpiin- 
sion, the weight of vapor in thé mixture 
is mx^ • . 
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The work, including the counter- 
pressure, and neglecting the work of 

introducing the liquid jt)j-r. which is 

very small, is ^«^ ^^^^r" M^^^^'-^^'' 
AW^ = m{q/ -q,- x,r,), . (79) 

and the equation of the adiabatic curve 
is 

^'- = d±^, (80) 

which determines x^ . 

The quantity of heat Q necessary to 
bring the mixture whose, weight is 
m(l — x^) of liquid and mx^ of vapor to its 
primitive condition, in which m{l—x/) 
is the weight of the liquid and vix/ is 
the weight of the vapor, is, 

or by reason of equations (77) and (80) 
Q = ^»nr/. • (81) 



* It is assumed that there is no superheating of the 
vapor in the refrigerating coils. 
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The work expended is W^ — W^ and we 
have 

-Q, -Q. (83) 
The useful effect of the machine is 

W, - W«, ~ Q, - Q ^"^'T/^ T/ ^"".^ 

a result already found in section 3, and 
which is identical with that at which we 
arrived in the case of permanent or non- 
liquefiable gases. 

§ 24. We will now take a numerical 
example, and consider the dimensions of 
the cylinders to be so regulated that a 
final temperature of + 5° F. is obtained, 
the temperature of the condenser being 
+ 64.4° F., and the volume of gas taken 
into the compressor at each stroke, 
V, := one cubic foot. 

The resolution of the above equa- 
tions supposes a knowledge of the values 
of r, q, c, and ti, or APw. They have 
been determined directly by Regnault 
for sulphuric ether, but not for sulphur 
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dioxide, ammonia and methylic ether. 
Availing ourselves of the experiments of 
Eegnault* upon the comi»ressibility of 
gases, we have been able to determine 
these quantities for sulphur dioxide and 
ammonia, and to prepare tables giving 
results for every nine degrees from — 22° 

to +]04r°. 

The method of calculating these tables 
will be found in a note at the end of 
this essay. 

For sulphur dioxide we find 



t^ = 5° or T, 


- 464.4, 


^'- 


64.4 


or T/ = 523.8, 


r, = 170.82, 




r/ = 156.76, 


AP,u, - 14.26, 




AF^n/ = 15.40, 


q,-- 9.79, 




q/ - 11.80, 


u^ = 6.50, 




u/ = 1.88. 


T>io fQ>»lo nf 8 


99, c 


P 

rivpfl ^ — 11 7fi 



p 

and —\ = 44.33 lbs. per sq. in. 
144 



♦ The quantity determined by Regnault, which is 
here used, ia tlie value of PV at 8. 1«» C. See appendix 
and deductions, § 27. 
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Making the calculations indicated by^ -4.1^ ^ 
the equations (77) and (80) we find '{y-' .^o- "^ 

x/ = 93.29 per cent, :i^ ^^ 

x^ = 11.90 per -cent. _. 

Equations (75) gives 

m = .1645 lbs. 

Equations (76) and (79) give 

AWr = 3.13 B. T. TJ. ; 
whence 

Wr = 2417 ft. lbs. 

whence 

W,» = 161 ft. lbs. 

Finally equations (78) and (81) give 

Q, = 25.80 B. T. U. 
Q = 22.88 " 

Thus the volume described by the 
piston of the compression cylinder being 
one cubic foot, .1645 lbs. of sulphur diox- 
ide working between + 5° and + 64.4° 
produce 22.88 negative heat units. To 
effect this it is necessary to introduce 
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into the corapressor cylinder at each 
stroke a mixture of liquid and gas of 
which the proportion should be 93.29 
per cent of gas and 6.71 per cent of 
liquid. 

Ammonia. 

From Table XIX we have for ammonia 
^- = 33.67 lbs., ,^ = 117.44, 



144 ' 144 

r, = 580.56, r/ = 543.03, 

AP,i«, = 51.86, AP,w/ = 57.12, 
u^ = 8.27, 7// = 2.63, 

^;= -26.42, (7/ = 33.68. 

The mean specific heat of the liquid at 
32^ is c = 1.0058. 
By means of these given values we 

x^' = 92.62 percent, 

x^ =9.68 per cent, 

m = .1303 lbs., 
AWv = 8.53 B. T. U., W,. = 6591 ft.lbs., 
AW^= .51 B. T. U., W,H = 391 ft. lbs., 

Q^ = 70.78 B. T. U., 
Q = 62.75 B. T. U. 
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Thus .1303 lbs. of ammonia working 
between the same limits of 64.4° and -\- 5^y 
and with the same dimensions of com- 
pressor cylinder as sulphur dioxide, fur- 
nish 62.75 negative heat units per hour. 

Carbokic Acid. 

From Table XX we have for carbonic 
acid * 



^, = 5^ 




f/ = 64.4 


J^- = 342 lbs. 
144 




P' 


r, - 121.50 




r/ = 07.93 


AP,w, = 15 50 


A? 


//^'=9.94 


u^ = .2435 




?^' = .0650 


q^- - 20.92 




q/ - 35.80 



The mean specific heat of the liquid 
from 64.4° to 5° as derived from Table 
XX is 

c = .955. 



* The case of carbonic acid has been added by the 
revisers. 
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Employing the above values we find: 

x^ — 93.52 per cent x^ — 43.93 p. c. 

m = 4.119 lbs. 

AW^ = 45.40 B.T.U. W^ =35,090 ft.-lbs. 

AW«.= 13.78 B.T.U. W^= 10,650 ft.-lbs. 

Q, = 279.80 B. T. U. 

Q = 248.18 B. T. U. 

Ether. 

We will now consider ether. The 
vapor of ether, unlike steam, superheats 
during expansion and condenses during 
compression. An ether machine ought, 
therefore, to work so that only vapor is 
introduced into the compressor cylinder, 
and not a mixture of liquid and vapor. 
At the end of the compression a f)art of 
the vapor becomes condensed. 

We shall then have x/ = 1, and the 
equations above found become: 



V.' = ni[u, + i), 



88 



T.' 


— 




T ' 

• ^ rn * 
J-3 






T. 


— 


T' 

cl ' 
-'•a 








Q. 


^^^ 


mx*r' 


9 






Q 


— 


m(l - 


«J»*. » 






AW, 


— 


m(y/- 


■5'.+ a; 


'r'- 

1 ' 1 


r.). 


AW„ 


— 


w($'/ - 


-y,- 


«/,). 





The empirical formulas established by 
Eegnaiilt for tlie vapor of ether are 

r = 171.24 - .04873^ - .000473^*, 
APw= 11.78+ .0756if - .000752^', 
^ = - 16.76 + .51849^ + .0001644/', 

and we deduce: 

for t = 5° and V = 64.4, 



P P' 

= 1.70 lbs. —^- = 7.76, 



a 



144 144 

r, = 170.99, r/ = 166.14, 

AP,«*, = 12.14, AP,2// = 13.53, 

t/^ = 38.37, 

g, = - 14.16, ô'/ = 17.31, 

c = .5299, 

and we have 

S = .736. 
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?ertovrning the calculations indicated, 
<v'e find, 

x^ = 17.32, 
x/ = 100, 

X. OOtO i y 

m = .0260, 

Q, = 4.15, 

Q = 3.68, 
AW^ = .52, W^ = 401 ft -lbs , 
AW^ = .05, W^ = 37 ft. -lbs. 

The same machine, working between 
5° and + 64.4°, will therefore give the 
following cooling effect per cubic foot of 
compressor-piston displacement — 

Carbonic acid. . .248.18 negative heat units. 

Ammoniii 62.75 

Sulphur dioxide. 22.88 
Sulphuric ether.. 3.68 

With each substance the useful effect 
is .0101 thermal units per ft.-lb. of com- 
pression work, since all the substances 
are confined to a Carnot cycle between 
the temperatures + 5° and + 64.4°. 

§ 25. Since the positive work Vf^, ex- 
cept in the case of carbonic acid, is small 



«( it 
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compared with the negative work W^, 
we can, without great loss of power, 
simplify the machine by suppressing the 
expansion cylinder and replacing it by a 
simple cock so regulated as to deliver 
into the cooler a weight of fluid precisely 
equal to the amount admitted to the 
compressor to obtain the required cool- 
ing effect. 

The cycle of operations is not rever- 
sible when a simple cock is used, and 
therefore does not fulfill the conditions 

of a Oarnot cycle. We shall have ,y = 

Q * Q 

, but the proportion ^ ^ will 



T 
be less than ^p ^ ' > ^^^ hence the eflS- 

ciency is less. 

This manner of working is represented 
in the diagram, Pig. 3, by replacing the 
adiabatic line V/V, by the two right 
lines V/V/" and V/"V/'. V/' is situ- 
ated to the right of the point V,. The 
quantity Q proportioned to V/' V„ is there- 
fore less than the quantity Q of the pre- 



ceding case which was proportioned to 
V,V., and the quantity Q, — Q will be 



augmented by a quantity proportional 
to the area V,'V,"'V,. 
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The equations (76), (77), and (78) re- 
main unchanged. 

The weight m of the liquid under the 
pressure P, and the temperature T/ 
passing suddenly into the refrigeiating 
coils, a part of the liquid is vaporized; 
the temperature of the liquid becomes T, 
and the pressure P,. The quantity x^ of 
liquid, which is vaporized, is given by 
the equation 

«K?,- ?.'+ ^^,) + AP,V/- A(P.- P,) 

which shows that the variation of inter- 
nal heat m{q, — q/ + 3;,/o,) is equal to 
the exterior work accomplished ; 

-AP,V/ + A(P.-P,)-|; 

V/ being the volume occupied by the 
weight mx^ of vapor after the passage of 
the mixture into the refrigerating coils. 
We have 



V/ = mx,[u, + ^ 



93 



If we neglect the very small quatititj 

AP ~ 

the {H'eGeding eqaation becomes 

a^a^ = 5'/-5'a- (84) 

The quantity Q is still given by the 
equation 

Q = m (a:/ ~ a;,)r, , 

or by reason of eq. (76) 

Q = mr^ - AW, = Q. - AW^, 

from whence the useful effect is 

The useful effect will be less than fcr the 
Gamot cycle because the value of x^ given- 
by eq. (84) is always greater than that 
given by eq. (80). Consequently the value 
of Q will be less in the second case than in 

the first, and hence the ratio ^ ^ will 

be less. 

In applying equations (84) and (85) to 
the same limiting temperatures, -f- 5® 
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«nd 64,4°, as in § 34, we find for sulphur 
dioxide 

x^ = 12.64 per cent, 
Q = 22.68, 

and the useful effect = .0094 heafc units 
per ft.-lb. of work of compression 
W,. — W^. For ammonia: 

x^ = 10.35 per cent, 
Q = 62.25, 

and the useful effect = .0094 heat units 
per ft.-lb. 

For sulphuric ether, 

x^ = 18.46 per cent, 
Q = 3.45, 

useful effect = .0086 heat units per ft.- 
lb. of work. 

Finally, for carbonic acid : 

x^ = 46.68 per cent, 
Q = 234.38, 
useful effect = .0067.* 

* It is seen that the loss of efficiency due to the use 
of the expansion cock is 7 per cent for sulphur dioxide 
and ammonia, 15 per cent for ether, and 33 per cent for 
carbonic acid. 



/ 



/ 
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§ 26. In order to realize either the 
cycle of Carnot or the non-reversible cycle 
indicated above, it is necessary, when we 
employ a liquéfiable gas which superheats 
under compression, to introduce into the 
compressor cylinder at each aspiration a 
mixture of liquid and vapor in such pro- 
portions that it shall all be in the state 
of gas at the end of the compression. 
The preceding equations assume this to 
be accomplished. 

We can, however, devise no means * of 
exactly realizing this condition in prac- 
tice. So we content ourselves, when em- 
ploying freezing machines that use a 
liquéfiable gas, with introducing the gas 
into the compressor without any mixture 
of liquid. It follows therefore, that the 
gas superheats during compression with 
sulphur dioxide, ammonia, and carbonic 
acid. 



* Although there is no practical means of exactly 
adjusting the mixture of vapor and liquid, certain 
ammonia plants are operated with a surplus of liquid 
present during compression, so that superheating is 
prevented. This practice is known as the '* Cold Sys- 
tem" of compression. 
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It is clear that under these conditions 
we augment the range of temperature 
hetween T^ of the gas arriving in the 
condenser, and 1\ of the vapor in the re- 
frigerating coils, and consequently in- 
crease the cooling effect of a given weight 
of substance. The efficiency is, however, 
reduced by the superheating, as will be 
evident from the following argument. 

Referring again to Fig. 3, it is seen that 
we start with a volume v^ greater than V^ 
of the preceding case, compress the vapor 
to the volume v^ following the adiabatic 
curve i\v^ of the superheated gas; cool 
it from the temperature 1\ to the temper- 
ature T/ corresponding to its liquefaction 
under the pressure P^ . It is then passed 
into the refrigerant, either producing 
work and describing the adiabatic curve 
V',V, or by means of a cock, in which 
case the volume, after entering the re- 
frigerant is PoV./', and we lose the work 
of the expansion cylinder V^V/P^P^. 

The quantity of negative heat gained, 
if superheating is allowed to take place 
during compresssion, is represented by 
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the length V^v„ and the increase of resist- 
ant work by the area Yy^^v^v^ . , 

Tracing from the point v^, the adiabatic 
curve of the saturated vapor, the point 
v/ will be to the left of v, . 

If the compressed vapor follows the 

adiabatic v^v/, the performance j;—, ^, 

Q 

will be equal to the performance ^ ^^ 

of the Carnot cycle V„V,V/V,. 

But as the compression follows the 
line v^v^ we see that for the same quan- 
tity Q' of obtainable negative heat, the 
quantity Q, — Q' would be greater by a 
quantity proportional to the area v^t\v/. 

We can say, then, that, à prioriy the 
useful effect of freezing machines work- 
ing so as to superheat the gas is less 
than that of machines that work with- 
out superheating. 

The difference* is small, as we shall 
see later. 

* By the examples, §§ 30-34, it appears that the dif- 
ference in economy is about 5 per cent for SO9 , about 
6 per cent for ammonia, and about 11 per cent for COj » 
as compared with the use of an expansion cock without 
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§ 27. We will now establish the ther- 
modynamic formulae for the condition 
that we introduce into the cylinder dur- 
ing aspiration only gas, and in such 
a state as to superheat during compres- 
sion. 

A certain volume V^ of gas being under 
pressure P^ and temperature 1\, it is re- 
quired to find its volume V, and its tem- 
perature T, when it shall have attained 
the pressure P^ of the condenser. 

If liquéfiable gases behaved like per- 
manent gases, it would suffice to use the 
equations (1) to (6), which were estab- 
lished in § 10 for the compression of air. 

But the researches of Kegnault on the 
compressibility of gases have established 
the fact that when near the liquefying 
point these bodies are far from following 
the laws of Mariette and Gay-Lussac, 
upon which the formulas for air are 
founded. 

Zeuner has given (Théorie Mécaniq\ie 



superheating; or 12 per cent, 13 and 41 per cent, re- 
spectively, as compared with a Carnot cycle, involving^ 
the use of an expansion cylinder, as per examples, 6 d4« 
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de la Chaleur) the result of his researches 
upon superheated steam. 

He found the following relation to ex- 
ist between the pressure P in lbs. per sq. 
ft., the volume of the unit of weight, or 
one pound (specific volume), v, and the 
absolute temperature T, 

Fv = BT - CF*,* (86) 

in which C and n are constants to be de- 
termined by experiment 

B = Ç, (87) 

Cp being the specific heat of the vapor 
under constant pressure, which is con- 
stant according to Regnault. 

If we make k = 4/3, B = 92.84, and 
C = 938.9, we find that this formula fur- 
nishes, for the specific volume of steam, 
numbers which agree remarkably well 
with the results of experiment.! 

Zeuner does not offer this relation as 

* See remark, p. 170, on origin of (86). 
t n = '^ = .25. 



100 

rigorously exacts but as giving mueh 
better results than the formula 

Vv = RT, 

which applies to permanent gases. 

Liquéfiable gases being nothing but 
superheated vapors, we will employ equa- 
tion (86), established for superheated 
steam, but will determine the constants 
in each case, employing the results of 
Eegnault's experiments upon the dilata- 
tion and compression of gases. 

If we call a the coefficient of dilatation 
of the gas under atmospheric pressure, 
and a temperature of 32° Fahr., it is 
easy to see that eq. (86) gives 

1 * 



a = 



491.4 - g2117» 



and 

2117î;. = 491.4B - C . 2117"; (88) 

whence 

2117v„a: = B, (89) 

dv 
* This value of a is simply the value of — _, - from 

VQtit 

(86), which is differentiated considering P as a constant 

equal to 2117 lbs. per sq. ft. 
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an equption which gives B when we know 
the coeiScient of dilatation and specific 
7olume v^ at 32^ and atmospheric pressure. 

If the relation (87) were exact, it would 
suffice with equations (88) and (89) for 
determining B, 0, and n. But the 
numbers thus obtained do not coincide, 
at least in the case of sulphur dioxide 
and ammonia, with the results obtained 
by Regnault. Instead therefore of using 
equation (87) we will determine n by the 
results found by Regnault for the prod- 
uct PV.* 

Eegnault gives values of PV for sul- 
phur dioxide at the temperature of 35.06°, 
and at 46.58° for ammonia, and for press- 
ures varying from 14 to 23 lbs. per sq. 
inch for sulphur dioxide, and from 13 to 
28 lbs. per sq. inch for ammonia. We 
can deduce from these the ratio of the 
volumes at the high and low pressures, 
and thus obtain two values of PV in 
Zeuner^s equation. From the density of 



* The following method of determining the constants 
has been re-written by the revisers so as to give the 
several steps in greater detail. 
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the gas we obtain the volume v^ at 32° 
and under atmospheric pressure, which 
together with the coefficient of dilatation 

PV 

enables us to determine two values of - 

m 

for the temperature at which Eegnault^s 

experiments were made. We have from 

(86) 

PV = wBT - TwCP», (90) 

which, together with equation (89), will 
furnish B, C, and n, in the following 
manner : 

For sulphur dioxide 

a = 0.0021682 per degree Fahr.; 
V, = 5.513.* 

Introducing these values in (89), we 
obtain 

B = 25.305. 

For atmospheric pressure and T/ = 
494.5, 



* This corresponds to the density given by Berzeliua. 
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m 



= 5.514(1 +.002168X3.06) = 5.55, 



^^ = 5.55 X 3117 = 11749. 



m 



For P = 3347 lbs. per sq. ft., or 23.2 
lbs. per sq. in., and T = 494.5, 

— = 11749 -r- 1.015* = 11575. 
m 

PV 

Introducing the values of B, and 

P V ' 

* ° -, in (90), we obtain two equations 

m ^ 

in which C and n are the unknown 
quantities. Solving these equations, we 
have 

C = 24.54, 
and n = .449. 

Introducing these constants into equa- 
tion (86) we can obtain for Fv values 
which coincide in a satisfactory manner 
with Regnault^s results. 

* The ratio 1.015 is given by Regnault^s table of the 
Talues of PV. 
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These values are slightly less than 
Eegnault^s for pressures between 14.7 lbs. 
and 23.25 lbs., and a little larger for 
pressures lying beyond these limits on 
either side. 

For ammonia we unfortunately do not 
know the coefficient of dilatation; it was 
not determined by Regnault. As this 
gas is near its liquefying point at 32° we 
will assume its coefficient to be about 
the same as that of sulphur dioxide and 
cyanogen, which is 0.002167. In the 
absence of exact values determined by 
experiment it is clear that results ob- 
tained under the above assumption can 
be regarded as approximative only. 

We have v^ = 20.79, and Eegnault's 
tables give 

PV 

— = 44607 for T = 506.0° and P = 3997 
in 

lbs. per sq. ft., or 27.76 lbs. per sq. in. 
We then deduce 
B = 95.31, = 157.1,* /i = 0.378. 

* This constant has been reduced in the ratio of 43.71 
to 26.28 from the vahie given by Ledoux, which was Id 
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§ 28. It remains now to find the equa- 
tion of the adiabatic curve of a super- 
heated vapor, of which the pressure, the 
specific volume, and the temperature are 
related as follows : 

pv=BT - Cp\* (90a) 

Calling Q the quantity of heat fur- 
nished to a body, U its internal work, 
and supposing the external pressure is 
always equal to the expansive force, the 
fundamental equation of the mechanical 
theory of heat is, 

ciq = A{d\J + pdv) ; 



error to this extent. For the argument leading to this 
alteration or the value of C, see article by Messrs. 
Jacobus and Reisenberger, Stevens' Indicator, Oct. 
1890. Since this article was written the examination of 
a similar argument. byZeuner, in his Technische Ther- 
modynaniik. Vol. II., Article 31, shows that he had 
found Ledoux's value of C in error also, but in the ratio 
of 43.71 to 29.78. 

» Equations in which the volumes are indicated by 
small v's are per unit of ^ eight, . nd those in which 
large Vs are u««ed are for any weight ni. P and p are 
used to represent the same quantities, the small p 
being employed to save space in making deductions. 
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and as U is a function of p and v, we 
have 

Assuming 

dU V , dU « 

-T— = X and —J — ^ 2? = Y, 
dp dv ^ 

and since d\J is an exact differential^ 

We also have 

dq = A(Xe?;? + Ydv), (91) 

We know that 7^- is the factor of integra- 



or 



or 



* AdX _ Ad«U 
du ~ dpdv* 

Acnr_^ Ad«U 
dp dvdp 

AdX AdY 
du dp 



+ A, 
= -A, 



dX dY ^ 
dv dp 
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bility of the function Xdp + Ydi), and 
hence 

We may now deduce from the general 
equations of thermodynamics 

T = Y? -X?-.* (92) 

dp dv ' 



* Since d Q multiplied by ^ is a complete differential 

(see general transformation of equations of thermo- 
dynamics. Arts. 62-69 and 118, '' McCullough on the 
Mechanical Theory of Heat'') we have, from (91), 

and we may write 



or 



whence 



dv\T y dp\1 



Ac'XAdT A dY AdT 
Tdv T^dv ~T dp T^dp * 



a« dn \ dv dn . 



dv dp ^ dv dp / 

But by (906) the second member of this is — T; hence 
since T = t + 461, and dT = dt, 

dp dv 
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We have also, by virtue of equation 
(86), 

^p - B + B ^^^"^ 

and 

If we suppose that the pressure remains 
constant, dp = 0, and eq. (91) gives 

^Qp = KYdv. 

But c?Qp = Cpdty calling Cp the specific 
heat at constant pressure, which we sup- 
pose constant and which is known. We 
have then 

and from eq. (92) 

RT r 

^ = - 7 + â'^" + «cr-o» (92i) 

which by (90rt) gives 

X = - (v + C/?»-!) + -^-(v + «Cp—i). 
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Substituting X and Y from {92c) and 
{92d) in (91), we have 

(U-i)cr-'^i'|-(f3) 

For the equation of an adiabatic curve, 
it is necessary to make dQ, = 0. We have 
then, 

(94) 
Equation (94)* may be reduced to 

Cp df __ dp 
ÂB T " y ' 

* Eq. (94) may be written 
^{pdv + vdp-\- nOp^ - ^dp) = (pv + Cp**)— 

AD P 



or 



Cp ydv -\r vdp 4- nCp^^dp _ dp ^j. 

AB p^ _|_ QpU p 

By substituting; the partial differential coefficients 
g^iven in (92a) and (93b), in the expression for the com- 
plete differential 



-=(!>+ (IK 
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and integrating 



^p rv 



AB 

or finally 



ZT = //? -j- const.. 



g-)S=i. (-) 



an equation analogous to equation (4), 
which we found for air. 

Replacing T by this value in equation 
(90a) we get finally for the equation of 
the adiabatic curve. 



AD 

= BT.(^'-) '" - Gp\ (96) 



it appears that 



dt = —{pdv-\-vdp-\-nCp''^~^dp)\ 
a 



also by (86), 

1 



= B 



T pv-\- Cp^ 

Hence (94a) may be written 



Op dt_dp ^^ 

AB ^ T - p • ^^^ 
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For superheated steam Zeuner ânds 

AB 

— = iiy SO that (96) is then equivalent 

Cp 

to pv^ = a constant, as for permanent 
gases.* 

From eq. (94) we have the work of 
compression 



whence 






* This relation does not hold for sulphur dioxide and 
ammonia, in which we have 

B ^^ 

Sulphur Dioxide 25.30 

Ammonia 95.31 



AB 




Cp 


n 


.212 


.449 


.243 


.378 
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or by (96), 

C(l-^)(r-i'.*), (98) 
and 

w = (;^-i)b(t-t,) 



+ 






§ 29. We can now establish the equa- 
tions relating to the compression of a 
liquéfiable gas in a cylinder. A weight 
m of gas occupying the volume V^ at the 
temperature T^, and under the pressure 
Pg , is compressed until the pressure is P, 
of the condenser. The temperature T^ 
at the end of the compression will be 
given by the equation (95). 

AB 

T. = T,(|ij^i (100) 



113 



and the work of compression, including* 
the ejection of the gas, is 



m 



(â-yc(P."-p.-)'(ioi) 



or 

mc 



Wr = -^(T. - T.) - 
mCP 



n 



WA- 



(101a) 



* Equations (97)-(99) give the area AoV,V,Ai (Pig. 8) 
= / pdVy whereas W^ is the area 

/*Vo 
VoV,P,Po = m / pdv+PiVi-PoVo. 

Also (97)-(99) are for unit of weight, and Wr is for any 

weight m. Introducing these modifications In (97), we 
obtain (101). 

Also introducing value of PV from (90) in (101) we 
obtain 



^'•- A 



<-.-.>-^"[(|)"->] 



which by (100) gives (101a). 
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m is given by the equation 

P V V 

the final volume 

P BT — CP* 
» - "^ »P/ BT, - CP,» • 

After compression we cool the gas in 
the condenser under constant pressure. 
The volume V, becomes V/ at the moment 
the temperature becomes T/; since the 
gas is liquefied we have 

P BT ' — CP »» 
' " %' BT, -CP,»^ ' 

and the quantity of heat removed from 
the condenser is 

Q, = 7hc^{T^ - T/) + mr/. (103) 

The volume occupied by the liquid is 

7)1 

â being the density of the liquid sup- 
posed constant. 
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The liquid is then passed into the re- 
frigerant without producing work. 

The quantity mx^ of gas which vapor- 
izes while the pressure passes from P^ to 
P, and the temperature from T/ to T, 
is, by equation (84), 

The quantity of negative heat obtained 

is 

Q = m{l — x^)r^ 
or 

Q = m{\, - ^/), (104) 

and we have 

Q. - Q = «ic,(T, - T/) + 

or 

Q. - Q = mc^(T, - T/) +ni{\/ - X,). 

We can now verify the equality 
Q. - Q = AW, 
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which requires that we establish the ro- 
latiou 

A/- A,= r^(T/- T,) - ^(P,»_ P,»).* 

Referring to the fundamental equation 
clQ, = AdV + AFdv, 

and making dQ. = 0, it becomes 

indV = - mFdY = - dW, 

and consequently f 

C(l-^)(P.»-P,»). (10.-,) 

We have furthermore by definition 

A = AU + APv, J (105a) 



* This is the equivalent of the last equation in foot- 
note, p. 113. 
t This is equivalent of equation (98). 

V 

X In (105a) put v = — . In (105) substitute Ti and T» 

m 

from (00). Combine results and obtain (1056). 
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an equation which signifies that the total 
heat of the vapor at ^° is equal to the in- 
ternal heat AU augmented by the ther- 
mal equivalent of the work of vaporiza- 
tion and dilatation. 
We have then 

AH 

(1056) 

This equation is applicable to a super- 
heated vapor above its point of satura- 
tion. 

It applies also at the point of satura- 
tion; we have then 

AH 
1/- À,= c,(T/- T,) - ^(P.»- P,»), 

(106) 
which verifies the equation 

Q, - Q = AW^. 
Equation (105) can be written 

U - U. = '' ''" 
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c 1 
If we make -^ = 0, the equation 

becomes 

Under this form it expresses Hirn's 
law of superheated vapors, and may be 
thus expressed: From the point of con. 
densation to the point at which the 
superheated vapor possesses the same 
properties as the permanent gases, the 
product pv remains constant, while the 
internal work remains the same. 

But the equation 

gp _ 1 
AB" n 

is not verified * for the cases of the two 
liquéfiable gases whiqh we have studied, 
and consequently we cannot ^pply to 
them the law of Hirn. 

§ 30. "We will now take a numerical 
example and suppose, as in the preceding 
case, that a cubic foot of ga& is admitted 
to the compressor at the temperature of 

• Bee p. 111. 
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+ 5** under a pressure corresponding to 
this temperature^ and that it is com- 
pressed until its tension is that of the 
condenser, and that the temperature of 
this latter is, in the interior, + 64.4°. 

Sulphur Dioxide. 
Equation (102) gives 

m = Î — = .1535 lb. 

Equation (100) gives, making 

Cp = 0.15438 
according to Kegnault, and 

AB 



^P 



= 0.212; 



T, = TJ |M = 616.0, or t^ = 156.6. 

Equations (103) and (104) give 

Q, = 26.25 B. T. U.; 

Q = 22.91 
whence AW^ = Q, - Q = 3.34 B. T. U., 
and W^ = 2582 ft. -lbs.. 
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and the useful effect = .00887 or 17,563 
heat units per hour per horse-power. 

In a douhle-acting engine working at 
high velocity we estimate the resistances 
at about 15 per cent of the power 
expended.* 

1.15W^ = 2969, and the useful effect 
becomes .00772 or 15,286 heat units per 
hour per horse-power, f 

This performance is double that of the 
machine working witli dry air between 
the same limits of temperature. This 
difference shows, not that the air is theo- 
retically II less efficient agent in the pro- 
duction of cold, but that to produce the 
same useful effect, the air machine having 
much larger dimensions J than the liquefi- 

♦ This factor varies from 10 to 25 per cent in machines 
of good construction. 

t The ice-melting capacity in tons per cubic foot of 
piston displacement is .0000806, and the number of gal- 
lons of condensing water per ton, assuming 3U*> Fahr. 
range of temperature, is 1306. The^ice-melting capacity 
per pound of coal, assuming 3 lbs. of coal per hour per 
horse power, is 41.2 lbs., neglecting friction, and 85.8 
lbs., including friction. 

t Another view of the cause of the theoretical su- 
periority of vapor machines is as follows : 

For equal efficiency the air machine must afford a 
temperature of — 5** F. as the lowest degree afforded 
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able gas machines will experience propor- 
tionally greater loss through resistances. 

by the expansion. By Table I this temperature will be 

seen to afford 1. 164 thermal units of useful effect, and 

if this be taken as unity it will be found that the work 

of compression is 1.25 and the work of expansion 1.1 

times as much. Each of these amounts of work wastes 

8 per cent of itself in friction. Hence the aggregate 

of this waste is 18.8 per cent of the useful refrigerating 

effect. IBut the work of the steam-engine is only 

1.25 — 1.1 = 0.15 of the useful effect without friction 

being considered. 

Hence the friction of the mechanism increases the 

18 8 
expenditure of motive power — ^ = 1.25 times. There- 

15 

fore the refrigeration per unit of motive power is only 

1 4 

= — as much as for zero friction. Now for 



1 + 1.25 9 

vapors we have, by § 24 :— 

Work to compress both SO* and NH> = 0.14 of useful 

effect, and the loss by friction at 15 per cent of these 

amounts is 0.021 of the useful effect. 

Hence the refrigeration per unit of motive power is 

14 
—— . - , — = 7/8 of its value for zero friction for both 
0.14 -j- 0.0*1 

NH* and S0>. Therefore the air machine has its theo- 
retical effect reduced | = 2^ times by the friction 
of its mechanism, or the loss is § of the refrigerating 
effect, whereas the vapor machines lose but 1/8 of their 
effect by friction. 

Slore generally, the air machine loses more of Ita 
theoretical effect by friction than vapor machines, be- 
cause the heat represented by the work of compression 
of a given weight of air is about 1.70 times greater In 
propurtiun to the refrigerative effect than in the 
case of ammonia and sulphur dioxide. In the prac- 
tical use of air machines there is a considerable 
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§ 31. Generally with sulphur dioxide 
we do not get as low a temperature as 5°. 

The opening of the cock which leads 
from the condenser to the refrigerating 
coils is so regulated that the pressure in 
the latter is about 9/10 of an atmos- 
phere, which corresponds to a tempera- 
ture of about 9.66°. 

P, -^ 144 = 13.23 lbs. ; t^ = 9.66°. 

For these values Table XVIII gives 

i\ = 169.75; 
q,=-- 8.10; 
î/^ = 5.85 eu. ft.; 

m. = ^— ^ = .1706; 

^''^ "^ 62.4 X 1^2 

and by means of equations (100), (102), 
(103), and (104) of § 29 it is easy to cal- 
culate Tj, Qj, Q, and W^. 

The results of these calculations are 
recorded in Table VI, which gives the 
refrigerating effect, the work required, 
and the useful effect per cubic foot of 

loss by the wire-drawing or fall of pressure between 
the compresRion and expansion cylinders. Vide Prac- 
tical Examples of Air Machines, Introduction. 
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sulphur dioxide, supposing the appa- 
ratus regulated so th:it the temperature 
corresponding to the pressure iu the re- 
frigerating coils is 9.66°, and tliut tlie 
temperature corresponding to tlie press 
ure of the interior of the condenser 
varies from 59° to 104°. 

We see that the useful eflEect dimin- 
ishes more than one-half when the tem- 
perature of the interior of the condenser 
rises from 59° to 104°. 

The figures of the last column do not 
nearly represent the number of heat 
units really produced and utilized. It is 
i^ecessary to take into account the loss: 
occasioned by the pipes, the waste spaces» 
in the cylinder, loss of time in opening of 
the valves, the leakage around the piston 
and valves, the reheating by the external 
air, and finally, when ice is being made, 
the quantity of the ice melted in remov- 
ing the blocks from their moulds. 

It requires about 180 heat units to 
congeal to 20° a pound of water taken 
at G0° or i;5°. Manufacturers estimate 
that practically the sulphur dioxide ap- 
paratus using water at 55° or 60° pro-. 
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duces 56 lbs. of ice,* or about 10,000 heat 

* la the commercial manufacture of ice about ? lbs. 
are produced per pound of coal. This includes the fuel 
used for reboiling the water, which, together with that 
wasted by the pumps and lost by radiation, amounts 
to a considerable portion of that used by the engine. 

The figures given in Table VI are higher than those 
obtained in practice, becatise the effect of superheat- 
ing of the gas during admission to the cylinder is not 
<;onsidered. Tins superlieatiug may cause an increase 
of work of abnnt 25 per cent. There are other losses 
due to superheating the gas at the brine tank, and in 
the pipe leadnig from the biinetank to the compressor, 
so that in actual practice a sulphur dioxide machine, 
working under the conditions given in line three of the 
table, will give about 22 lbs. of ice-melting capacity per 
pound of coal, which is about 60 per cent of the theoret- 
ical amount neglecting friction, or 70 per cent includ- 
ing friction. The follovvii>g tests, selected from those 
made by Prof. Schroier on a Pictet ice machine having 
a compression cylinder 11.3 inches bore and 24.4 inches 
stroke, show the relation between the theoretical and 
■actual ice-melting capacity. 



No. 
of 
Test. 



Temp, in degrees 

Falir. correspond - 

ing to pressure of 

vapor. 



Con- 
denser. 



11 
1:;2 
18 
14 



r7.3 

76. i 

75. 5> 
80.6 



Suction. 



^.5 

14.4 

-2.5 

-15.9 



Ice-mt'Iting fapacity per 
pound of coal, as uni ing three 
pounds per h<ur per horse- 
power. 

Per cent loss 
due to cylin- 
der super- 
heating, or 
difference be- 
tween cols. 4 
and 5. 

19.9 
22.8 
23.9 
89.2 



Theoret 
icHl fric- 




tion* in- 


cluded. 


41.8 


38.1 


31.2 


24.1 


2:^.0 


17.5 


16.6 


10. 1 



* Friciiun taken at figure observed in tlie lest. whi«'li 
ranged from 2^^ to 26 p* r cent of the work of tlie steam 
cylinder. 
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units, per hour per horse-power, measured 
on the driving shaft, which is about 55 
per cent of the theoretic useful effect 
indicated in Table VI. 

§ 32. Figs. 4 and 5 represent the Pictet 
machine from a design furnished by the 
inventor. It has a double-acting com- 
pression cylinder with four valves. The 
cylinder is furnished with a jacket, within 
which a current of cold water is made to 
circulate. 

The gas is compressed to a tension 
corresponding to the temperature of the 
water employed for cooling, generally 
25 to 30 lbs. per sq. in. above the at- 
mosphere; then it is discharged by the 
pipe T into the condenser C, where it is 
liquefied. 

This condenser is like the surface 
condensers of marine engines. It has a 
surface of about 65 sq. ft. for 100,000 
theoretic heat units per hour, or 130 sq. 
ft. for 100,000 effective heat units per 
hour, measured by the ice produced. 

The quantity of water employed de- 
pends upon the difference of temperature 



to be allowed between the inside and 
outside of the condenser. 
If this difTerence is to be 9°, each poand 



of water releases 9 heat units, and the 
weight of water in pounds to be employed 
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will be for 100 theoretic heat units pro- 
duced 

Q,100_ Q, 

which would require for the example of 
§ 31 and for a temperature of 68° in the 
condenser, 12.7 lbs.* 

The liquid dioxide passes into the 
cooler R by the pipe T', the supply 
being regulated by the cock r so that the 
pressure shall be 9/10 of an atmosphere 
in the refrigerating coils and 3 atmos- 
pheres in the condenser. If the outlet 
by the cock be diminished the pressure is 
lowered in the cooler, and the tempera- 
ture is also lowered; but the useful effect 
diminishes, since for the same volume 
described by the compressor piston less 
weight of gas is used. We have in this 
machine, therefore, the same facilities 
for varying the useful effect as in the air 
machines. 

The refrigerating coils are arranged like 
the condenser. Their surface is 79 sq. ft. 
for each 100,000 theoretic negative heat 

* In tiie additions to Ledoux's tables the ranpre of 
temperature of the condensing water is taken as SO® F. 
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units produced per hour. It is immersed 
iu an incoDgealable bath formed of a 
sohition of calcium chloride. 

The temperature corresponding to 
the pressure of the sulphur dioxide in 
the refrigerating coils of the cooler is 
10.4°, and that of the bath 19.4°. In 
this bath are immersed the tanks or 
moulds within which the water is frozen. 

Finally, the sulphur dioxide returns to 
the compressor cylinder by the pipe T". 

The dioxide may be employed continu- 
ously so long as no air is permitted to 
enter the joints. Any leakage might 
lead to the production of the trioxide, and 
possibly sulphuric acid,- which would lead 
to injury to machine. Exceptioual care 
is required in maintaining tight joints. 

Ammonia. 
§ 33. Some experiments with an am- 
monia machine have not yielded very 
good results; but the want of succès- 
seems to have resulted rather from ai; 
imperfect action of the surface of the 
cooler than from any inherent defect 
in the gas itself. Ammonia gas possesses 
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the advantage pf affording ciboat three 
times the useful effect of sulphuç dioxide 
for the sanxe volume described by tlie 
piston. But this advantage is balanced 
by the inconvenience of higher pressures, 
4ind consequently more leakage, etc.* 

The specific heat of ammonia gas at 
constant pressure is 0.50836,f so that 

AB 



^P 



= .243. 



The results of the calculations for 
:ammonia are given in Table VII. I 

■ ■ ■■ ■ — ^^^M^^— ^^— i^^^^M^^»^^.^— ^M^M^—^^^^M^ ^—^1——^— I ■ M ■■ I I ■ ■ ■ — ■■ I ■ ■■ ■ ^ 

* The perfection of ammonia apparatus now renders 
At so convenieot and reliable that no practical advan- 
<tage results from the lower pressures afforded by sul- 
phur dioxide. 

t This was given by Regnault for atmospheric press- 
'3nre only. By an experiment on a large scale on a 75- 
ton refrigerating machine, it has been determined that 
the probable specific heat of superheated ammonia gas 
.at 162 lbs per square inch absolute pressure is .533. 
Paper 432, Volume XII., Transactions of American 
."Society of Mechanical Engineers. 

$ The theoretical results for ammonia are higher than 
ithe actual, for the same reasons that have been stated 
'for sulphur dioxide. See foot-note, page 124. In the 
•case of ammonia the action of the cylinder walls in 
-.superheating the entering vapor has been determined 
experimentally by Prof. Denton, and the amount found 
*o agree with that indicated by theory. In these ex- 
iperiments the ammonia circulated in a 75-ton refriger- 
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Carbonic Acid.* 

At atmospheric pressure and 33° Fahr. 
the density of CO, is 1.529 and its co- 
ating machine was measured directly by means of a 
special meter, so that in addition to determining the 
effect of superheating, the latent heats can be calculated 
at the suction and condenser pressure. See Appendix, 
page 185. The following is a comparison of the theo- 
retical ice-meltiijg capacity with that obtained in 
several of Prof. Schroter's tests on a Linde machine 
having a compression cylinder 9.9 inches bore and 16.5 
inches stroke, and also in tests by Prof. Denton on an 
ammonia compression machine having two single-act- 
ing compression cylinders 12 inches bore and 90 inches 
stroke. 





Temp, in degrees 


Ice-melting capacity per 




Fahr. correspond- 


pound of < 


soal, assuming three 




ing to pressure of 


pounds per hour per horse- 


No. 
of 
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^ 
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Per cent of 
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Suction. 


ical fric- 


S 


loss due to 




denser. 


tion 1 in- 




cylinder su- 








cluded. 


< 


perheating. 


1 


r 1 


72. « 


26.6 


50.4 


40.6 


19.4 


2 


70.5 


14.3 


87.6 


30.0 


20.2 


^ ' 


3 


69.2 


0.5 


29.4 


22.0 


25.2 


1 


L 4 


68.5 


-11.8 


22.8 


16.1 


29.4 


1 24 

IN 


84.2 


15.0 


27.4 


24.2 


11.7 


82.7 


-3.2 


21.6 


17.5 


19.0 


^(85 


84.6 


-10.8 


18.8 


14.5 


22.9 



1 Friction taken at figures observed in the tests which 
range from 14 to 20 per cent of the work of the steam 
cylinder. 

* Added by the revisers. 
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efficient of dilatation .002067. Intro- 
ducing these values in equation (89) we 
have 

^ _ 2117 X .002067 __ «. . . 
^ - .08073 X 1.529 " ^^•*^- 

The mean value of Cp given by Reg- 
nault from -22° to 50° Eahr. is .184; 
hence 

^^- = .249. 

Case 1. Let the temperature of the 
cooler be 5° and that of the condenser 
64.4°; then 

T, = TJ|^j =578.5° or ^, = 119.1°. 

Prom Table XX we have for ^, = 5° 

m = 3.853 lbs. 

Taking Cp as .200, which is the mean 
from 64.4° to 119.1°, in equation (103), 
we have 

Q, = 303.6 B, T. U. 
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Equation (104) gives 

Q = 249.6 B. T. TJ., 
and 

AW^ = Q, - Q = 54.0 B. T. XT., 
and 

W^ = 41,740 ft. -lbs. 
Including friction, we have 

1.15W/= 48,000 ft.-lbs. 

The useful effect, neglecting friction, 
is .00598 B. T. U. per ft.-lb. of work ex- 
pended, and, including friction, .0052 
B. T. U. 

The ice-melting capacity in tons per 
cubic foot of piston displacement is 
.000878. 

The number of gallons of condensing 
water per ton of ice-melting capacity, 
assuming a range of 30° Eahr. in the 
condensing water, is 1380. The ice 
melting capacity per pound of coal, 
assuming 3 lbs. of coal per hour per 
horse-power, is 27.7 lbs. neglecting fric- 
tion, and 24.1 lbs. including friction. 

Case 2. Let the temperature of the 
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450o]er be — 22° Fahr. and that of the 
condenser 64.4° Fahr. We then have 

t^ = 155.7% 
m = 2.331 lbs., 
Q, = 200.0 B. T. Ù. 
Q = 145.2 " 
AW^ = 54.8 
W^ = 42,350 ft.-lbs., 

:3i8eful effect, neglecting friction, =.00343, 
'' including " =.00298. 
Ice-melting capacity per cu. ft. piston 
'idisplacement = .0.0051 tons. Condens- 
ing water per ton of ice-melting capacity 
= 1570 gallons. Ice-melting capacity 
per pound of coal, neglecting friction, = 
15.9 lbs.; including friction, = 13.8 lbs. 

Vapor of Water. 

For a numerical example of this gas 
in "Vacuum Machines, ^^ see Addendum, 
page 186. 
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Chapter TV. 

MACHINES EMPLOYING CHEMICAL ACTION. 

§ 34. It remains to discuss the ice- 
making machines which employ chemical 
affinity in their mode of action, and of 
which the ammonia machine of M. Carré 
is the type. 

Fig. C exhibits the disposition of the 
parts of this apparatus. It consists of a 
generator A which contains a concen- 
trated solution of ammonia in water; this 
generator is heated either directly by a 
fire, as shown in the figure, or indirectly 
by pipes leading from a steam boiler. 
The condenser B communicates with the 
upper part of the generator by the tube 
eui; it is cooled externally by a current of 
cold water. The cooler or brine tank C 
is so constructed as to utilize the cold 
produced; the upper part of it is iii com- 
munication with the lower part of the con- 
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denser by means of the tube hh. The de- 
tails of the construction are not shown in 
the figure. An absorption chamber D is 
filled with a weak solution of ammonia; 
the tube cc puts this chamber in com- 
munication with the cooling tank G. 

The absorption chamber communicates 
with the boiler by two tubes. One, cldy 
leads from the bottom of the generator to 
the top of the chamber D; the other,//*, 
leads from the bottom of D to the top 
of the generator. Upon the pipe ff is 
mounted a little pump, whose use is to 
force the liquid from the absorption 
chamber, where the pressure is main- 
tained at about one atmosphere, into the 
generator, where the pressure is from 8 
to 13 atmospheres. 

An interchange of heat is accomplished 
by means of E which is attached to the 
pipes ^ and dd in a manner that will be 
easily comprehended by an inspection of 
the figure. 

To work the apparatus the ammonia 
solution in the generator is first heated. 
This releases the gas from the solution. 
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and the pressure rises. When it reaches 
the tension of the saturated gas at the 
temperature of the condenser there is a 
liquefaction of the gas, and also of a 
small amount of steam. By means of the 
cock h the flow of the liquefied gas into 
the refrigerating coils contained in the 
cooler C is regulated. It is here vaporized 
by absorbing the heat from the substance 
placed there to be cooled. As fast as it is 
vaporized it is absorbed by the weak solu- 
tion in D. The small quantity of watery 
vapor is carried along mechanically. 

Under the influence of the heat in the 
boiler A, the solution is unequally satu- 
rated, the stronger solution being upper- 
most. 

The weaker portion is conveyed by 
the pipe dd into the chamber D, the flow 
being regulated by the cock g^ while the 
pump sends an equal quantity of strong 
solution from D back to the boiler. 
While these exchanges are brought about 
in the solutions, there is also an exchange 
of temperatures at E whereby the weak 
liquid arrives cold in the absorption 
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chamber, and the strong solution is 
heated before its delivery to the generator. 

The working of the apparatus depends 
upon the adjustment and regulation of 
the cocks g and It, and of the pump ; by 
means of these the pressure is varied, 
and consequently the temperature in the 
cooler C may be controlled. 

It is seen that the working is similar 
to that of the machines described in the 
preceding chapters. The chamber D fills 
the office of aspirator, and the generator 
A plays the part of compressor. 

The mechanical force producing ex- 
haustion is here replaced by the affinity 
of water for ammo uia gas; and the me- 
chanical force required for compression 
is replaced by the heat which severs this 
affinity and sets the gas at liberty. We 
see then in advance that a greater part 
of the equations already established for 
liquéfiable gas machines will apply to 
those employing chemical action. 

§ 35. We will assume at first that, 
under the influence of the heat applied to 
the generator, ammonia gas only is driven 
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oS^ and no steam. We will assume a cer- 
tain weight of the gas to enter the gener- 
ator in a state of solution; being heated^ 
it will be separated from the water, re- 
quiring a certain quantity of heat, which 
we will call Q'. Then, being conducted 
to the condenser, it will be cooled and 
then liquefied, and will impart to the 
water surrounding the coils a quantity of 
heat Qj . In the refrigerating coils it is 
evaporated, borrowing from the exterior 
a quantity of heat Q; it is next absorbed 
by the liquid in the chamber D, disen- 
gaging a certain amount of heat to the 
liquid (which may be deducted from the 
total amount required in the generator);* 
and, finally, it is reconveyed to the gener- 
ator, where it arrives in its original con- 
dition. By reason of the exchange of tem- 
perature effected at E all the heat of the 
weak solution going out of the generator 
is restored to the strong solution entering 
it, so that the changes of temperature in 
the water are effected without expendi- 
ture of heat. 

♦ See next foot-note, p. 141. 
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In the complete cycle> if we neglect the 
small amount of work performed by the 
pnmp^ and the heating and cooling dne 
to contact with the air^ it is clear that all 
the heat from external sources, being Q' 
from the generator and Q from the cooler, 
will be equal to the amount Q^ carried 
away by the water of the condenser. 

We have then 

Q' = Q. - Q, 

and the useful effect will be expressed by 

A Q * 

Q.-Q' 

which is identical with that found for 
the machines depending on mechanical 
action. 

* This expression applies only when it is assumed, as 
is here the case, that the heat disengaged hy the solu- 
tion of the gas in the absorber may all be utilized to 
lieat the mixtnre delivered to the generator. Thus far 
practice has only succeeded in using a temperature in 
the absorber about 70° greater than that in the con- 
denser. Consequently the greater proportion of the 
chemically disengaged heat in the absorber must be 
abstracted by cold water and wasted ; so that practically 
the above expression does not apply, but it is a gen- 
eralization useful in apprehending the general prin- 
ciples of the subject. 
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Q' being equal to the quantity of heat 
which it is necessary to expend in order 
to produce the quantity Q of refrigerat- 
ing effect, then Q^ — Q has the same value 
as the quantity AW^^the thermal equiva- 
lent of the mechanical work expended in 
the machines previously discussed, to 
produce this same quantity Q of negative 
heat units. We proceed to show that be- 
tween the same limits of temperature in 
the condenser and refrigerating coils, and 
for the same value of Q, the quantity Q' 
in this class of machines is nearly equal 
to the quantity AW^. 

We arrive then at this remarkable 
result : that in all the ice machines, when 
they work between the same limits oil 
temperature, the theoretic quantity of 
refrigerating effect produced is exactly 
the same for each heat unit expended,, 
whether it is directly produced by chem- 
ical action, or indirectly under the form 
of mechanical work. 

But as a heat unit represented by 772.9* 



* This is deduced from the French equivalent 424, and 
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foot-pounds requires, in the best heat 
motors, an expenditure of at least 10 heat 
units in the fire, it would seem that the 
chemical machines possess a considerable 
advantage over all the others, since in 
these latter the heat is employed directly, 
and not under the expensive form of me- 
chanical work. Practically,* however, 
this advantage is much less than seems to 
result from the above calculations, as we 
will proceed to show. 

§ 36. We will assume the hypothesis 
mentioned in the beginning of the pre- 
ceding section, and determine the quan- 
tities Q', Qj , and Q in terms of the tem- 
peratures, the pressures, and weights of 
the gas employed. 

We will preserve the notations of the 
previous chapter; Tj being tiie absolute 



is employed throuf^hout the work in order to make th» 
figures correspond to those given by Ledoux. 

* The heat wasted in maintaining the absoibir at 
130<*, the highest temperature yet attained, causes a 
loss roughly equivalent to the heat wasted in the ex- 
haust of a steam-engine using 8 lbs. of coal pei- hour 
per horse-power. The efficiency of the compression 
and absorption machines is therefore nearly equal kik 
practioe. For practical results, see Introduction. 
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temperature of the gas as it enters the 
condenser, T/ its absolute temperature 
in the condenser, and T, the absolute 
temperature in tlie refrigerating coils. 

Let m be the weight of the gas con- 
sidered, occupying the volume V, at the 
temperature T,, and under the pressure 
P^ at its entrance into the absorption 
chamber. 

Let ATI be the internal heat at the 
temperature T ; q^ the heat necessary to 
raise a pound of water from 32° to t°. 

After tlie gas has been absorbed by the 
water the absolute temperature of the 
mixture will be T/. 

During the process of absorption of 
the gas there is an amount of external 
work accomplished equal to ^^{y^ — w)y 
w being the volume of water. 

The difference in internal heat before 
and after this operation is equal to this 
external work. We have then 

5r,/+wALV-^e,-^^AU,=AP,(V,-w). 

The solution is conveyed to the gener- 
ator, and there heated until all the gas is 
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driven off. It then occupies the volume 
V, under the pressure P^ and at the tem- 
perature Tj . 

The necessary quantity of heat Q" is 
equal to the difference in quantities of 
internal heat, augmented by the exterior 
work accomplished. This work is equal 
to P,(V, — w) less the work of the pump, 

(P. - ^>. 

We have then 

Q" = Qe^ - Çe/ + ^ AU, - mAJJ/ + 

AP,(V, --w)- A(P, - P,)w. 

Adding this equation to the preceding, 
member to member, we find 

Q" = (?.,- Î^.. + ^A(U,-U,) + 

AP,V, ^AP,V,. 

This equation is established without 
taking account of the effect of exchange 
of temperature. There is furnished to 
the solution which enters the generator 
a quantity of heat precisely equal to 
9ei — Çe,' The quantity of heat Q' to 
be supplied by the generator in order to 
bring the pressure of the gas from P, to 



» 
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P, and from the temperature T^ to T^ is 
then 

Q' = mA(JJ, - UJ + 

AP,V. -AP,V,. (107) 

Equations (101) and (105), which have 
been deduced for the case of compression 
by a mechanical force, give 

AW,= mA(U,- UJ + AP,V,- AP,V„ 

which is identical with the preceding.* 

We have then Q'=AW^, provided that 
the temperature T^ , in the case where the 
change of pressure of the gas is obtained 
by the heat combined with the chemical 
action, is the same as in the case where 
the change is due to a mechanical force. 
Experiment proves that it is nearly so. 

It appears that the temperature to 
which it is necessary to heat the am- 
monia solution to obtain a given press- 
ure is higher as the solution becomes 

* It should be noted that this geueralization entibles 
the elevation of pressure undergone by the ammonia 
gas in the generator to be regarded as Identical with 
the compression of the gas by a piston in a compress 
hion machiue in which the gas is superheated by com- 
pression. 
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weak. In ice machines the solution con- 
veyed to the generator contains rather less 
of the gas as the pressure in the refrig- 
crating coils becomes more feeble. We 
understand therefore how the tempera- 
ture 1\ ought to increase as the temper- 
ature T,, corresponding to the pressure in 
the refrigerating coils, diminishes. Un- 
fortunately, precise experiments upon 
this point are wanting. 

A series of observations made by M, 
Kouart upon a Carré machine is herewith 
given. 

The first and second columns of each 
table give the absolute pressures in at- 
mospheres and pounds per square inch; 
the third, the temperatures observed in 
the boiler; the fifth, the temperatures o£ 
water in the condenser; the sixth column 
gives the temperatures of the liquefied 
gas corresponding to the pressures in the 
first column (see Table V); the tempera- 
tures are those of the interior of the 
condenser, and are naturally more ele- 
yated than the exterior. 

In the case of mechanical compression 



/ 
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Tablb IX.— Comparison of Calculated an» 

Observed Temperatures op Ammonia in 

Generator op Absorption Machine. 

Second Set op Observations. 

Tj = 437.4^ ; Pa = 2441 lbs. per sq. ft., or 

16.95 lbs. per sq. in. 
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the final temperature T^ is related to 
the initial temperature and to the initiail 
and final pressures as expressed by the 
equation (100), viz.: 

I AB 

The fourth column of the table gives 
the temperatures calculated by this for- 
mula, supposing T, = 437.4 and P, = 
2441 lbs. per sq. ft. or 16.95 lbs. per sq. 
in. 

For the mean pressures the calculated 
temperatures coincide nearly with the 
observations. For the higher pressures 
the calculated pressures are higher than 
the observed. But it is necessary to 
remark that in this case the watery vapor 
mixed with the gas exerts a greater in- 
flu en ce, and that the true gas pressures 
ought to be sensibly less than the press- 
ures which have served as a basis for 
calculation. 

The condensation in the condenser 
and the evaporation in the cooler are 
brought about exactly as in the case 
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of the machines acting by mechanical 
force. We shall have then, as in § 39, 

Q, = mc^{T, - T/) + mr/. 





^,r, = q/ - q„ 




Q = 


= m(l — x^)r^ = mr^ — m{q/ 

,1 V,' 

«' + * 

Q' = Q, - Q. 


-?.), 



The two following tables give the 
results of calculations for one cubic 
foot of ammonia gas, for temperatures 
in the condenser ranging from + 59° to 
+ 104°. In the first the temperature of 
the interior of the cooler is taken at 
+ 5°. In the second table it is — 22°. 

The results indicated in Tables X and 
XI are high; they vary from 25,900 to 
7G, 100 negative heat units for each 
pound of coal burned. We are far from 
attaining such results in practice. 

We have omitted in our calculations to 
take into account two conditions which 
modify largely the theoretical results: 
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Table X. —Performance op Ammonia Ab- 
sorption Machine Neglecting* the con- 
sideration OF THE Heat Wasted in 
Maintaining a Constant Tem- 
perature in the Absorber. 
First Case : <, = 5° Fahr., m = .12061. 
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* The figures for the ratio of the refrigerating effect 
to the heat expended are the same as for the con- 
ditions of the examples of a compression machine, 
Arts. 80 and 81, the object of the tables being ap- 
parently to illustrate tlie similarity between the two 
systems when the heat abstracted by the absorber is 
neglected (see foot-note, p. 119). Columns 1 -5 are then 
identical for the two systems. The complete perform- 
aDce of the absorption type is shown in Tables XII-XY. 
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Table XI.— Performance op Ammonia Ab- 
sorption Machine Neglecting the con- 
sideration of THE Heat Wasted in 
Maintaining a Constant Tem- 
perature IN THE Absorber. 

Second Case : U = - 22' Fahr., m = .00386. 
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* See foot-note, Table VII. 

1st. The necessity of cooling the aU- 
sorption chamber so that the 
solution of the gas may be 
readily accomplished. 
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2d. The influence of the water carried 
along with the gas. 

We will now examine the influence of 
these two causes of loss. 

§ 37. When ammonia gas dissolves in 
water considerable heat is disengaged. 

MM. Fabre and Siibermann have 
measured this heat of solution and found 
it equal to 925.7 heat units for each 
pound of gas dissolved. 

The liquid of the absorption chamber 
being employed continually in dissolving 
the gas from the refrigerating coils, rises 
rapidly in temperature, and as the solu- 
bility diminishes with the increased tem- 
perature, it soon reaches a condition at 
which it ceases to work. To insure suc- 
cessful working it is necessary, therefore, 
to cool the absorption chamber by means of 
a current of cold water, in such a manner 
as to maintain a constant temperature. We 
will suppose this temperature to be //'. 

If we denote by Q/ the quantity of 
heat of which the absorption chamber is 
relieved, we shall evidently have 
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Q' = Q, + Q/ - Q- 

On the other hand, tlie gas arriving at 
the condenser is always mixed with a 
certain quantity of steam, usually about 
6 or 8 per cent. By employing a solu- 
tion of calcium chloride instead of pure 
water for a solvent, the amount of watery 
vapor is reduced to about 3 per cent. 

The presence of the steam reduces the 
efficiency to a notable extent. It carries 
off a portion of the heat of the gener- 
ator, and, having arrived in the cooler, it 
does not evaporate, but, by holding a 
portion of the ammonia, prevents it from 
volatilizing. It impedes the action, then, 
nearly in the same way as the waste 
spaces in the mechanical action ma- 
chines, but to a greater extent. 

We will proceed to determine the in- 
fluence of this introduction of water. 

Let rw, as before, be the weight of gas 
sent out from the generator; /i the weight 
of water accompanying it, and the quanti- 
ties r and q affected by the index e shall 
lelate to the water. 
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When the mixture passes into the con- 
denser the steam becomes liquid and 
absorbs a certain weight m' * of gas, and 
we have 

y^/ being the number of cubic feet of 

gas soluble in one cubic foot of water 

1 
whose temperature is t^\ —, being the 

weight of a cubic foot of gas at this tem- 
perature, and 6 being the weight of a 
cubic foot of water. 

According to Car i us, the coefficient of 
solubility of ammonia, a gas in water, is 
represented by the empirical formula 

t § = 1841.65 - 34.794^^ + 

.3663/5' -.0016396^'. 



♦ The gas m' absorbed by the water is regarded as 
subject to the same laws of temperature as though it 
were free. See (107), § ar». 

t This formula makes the solubility for about 130» 
Fahr., but the Pontifex absorption machine is operated 
successfully with a temperatui-e of 131" Fahr. in the ab- 
sorber. 
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The quantity of heat Q, which will be 
absorbed by the condenser is equal to 
the quantity of heat necessary to lower 
the temperature of the weight in of gas 
from t^ to ^/, plus the quantity of heat 
necessary to liquefy the weight m — m' 
of gas, plus the quantity of heat neces- 
sary to liquefy and lower to the tempera- 
ture // the weight jà of steam, pln« the 
heat disengaged by the solution of the 
weight w' of gas. 

We shall have then 

Q, = mc^it, - t:) + {m - my: + 

M^ei-/e, + 0+^^X'. (109) 

calling 5/ the heat disengaged by the 
solution of one pound of ammonia gas 
in water having the temperature //. 

On passing the mixture into the refriger- 
ating coils, a certain quantity of the lique- 
fied gas is volatilized until the pressure and 
temperature become equal, respectively, 
to P^ and Tj, the pressure and tempera- 
ture of the refrigerant. The water will 
retain in solution a weight m" of gas. 
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less* than m\ and given by the equation 

m" = ^^. (110) 

The quantity of gas volatilized (m — 
m!)x^ is found by the equation f 

(m — m')x^r^ + (m' — m")s^ \ 

= (7;i-7yiO((//-(/J+ V. (Ill) 
/^(?'.i - ?e.) + m^cj^t^ - /,) ) 

The quantity of refrigerating effect 
realized is 

Q^=(m-^')(1--'^,K. (112) 
or 

Q = (771 - m')(T, - q: + (/,)+) 

(m' -m")^.- >^(/e - (?.,) - h (113) 



* Although the lofver temperature would tend to 
absorb more gas in tbe water, the eiffect of the lower 
pressure preponderfvtes to cause a disengagement, 
which makes m" leap than w,'. The solubility is ap- 
proximately dii'ectly as the pressure, according to the 
experiments of Roscoe, Annales de Chimie, 1859. 

t This is the quantity volatilized by passing through 
a throttling cock, no external heat bt'ing applied. x% 
is the proportion that the weight of gas vaporized bears 
to the initial weight of anhydrous gas. 



158 



The quantity of heat Q/ which it is 
necessary to abstract from the absorption 
chamber in order to maintain a constant 
temperature, is equal to the heat arising 
from the solution of m — m" weight of 
gas, minus the heat necessary to raise 
the weight m of gas and the weight ja of 
water from t^ to ^/'.* 

A^e!' - Qe,)' (114) 

The quantity of heat Q' which it is 
necessary to employ at the boiler is equal 
to Q. + Q/ — Q. We have then, apply. 
ing the above values, 

The heat of solution s varies probably 
with the temperature and the pressure of 
the gas; but we do not know the law of 
this variation, and we therefore assume 

♦ The weight of water t*. was considered by Ledoiix 
to be cooled to the temperature of the condenser ty'. 
As in modern practice the temperature of the absorbtf r 
is higher than that of the condenser, the symbol it' 
has been introduced by the revisers. 
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] XIII. 

pTioN Machines. 

àr. No water carried over with the ammonia. Suction 
ag effect and amount of heat imparted to the generator per 
araiure of the ammonia. Weight of gas vaporized at the 
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this quantity to be constant* and equal 
to 925.7 heat units per pound, as found by 
Favre and Silbermann, for ordinary tem- 
peratures and pressures. 

Making s/=s^=Sy ^/' = ^/,and qe/'=^ 
qe/ in the above equation, it becomes 

we have further 

V V 

m = ^ = -- . 

§ 38. Tables XVI and XVII exhibit 
numerical results. The two cases of § 36i 
are taken, supposing that the weight of 
watery vapor carried over is 5 per cent 
of the weight of the gas circulating. 
[Tables XII and XIII have been added 
by the revisers to show the useful effect 

* All experiments on the heat of solution have thuii 
far been made at atmospheric pressure and with nearlj 
pure water. Experiments made on a Sr^-ton Pontifex 
absorption machine, in which the weak liquor containe* I 
12^ per cent by weight of ammonia and the strong liquor 
25 per cent, confirm the probability of the hypothesi?; 
regarding the equality of Sj' = Sa . (See vol. x, Traus^ 
Amer. Soc. Mech. Etigrs., and Stevens Indicator, Jan. . 
1893.) 
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when no water is carried over, and Tables 
XIV and XV give comparative figures 
for compression machines.] 

Jf we compare the figures of these 
tables with those of § 36, we find that 
the cooling of the absorption chamber 
nnd the presence of watery vapor reduce 
the useful effect to a considerable extent. 

We see, further, that the useful effect 
diminishes if the temperature is lowered 
in the refrigerating coils, but that the 
results remain the same for the same 
temperature of the condenser. 

In the machines employing mechanical 
power, the useful effect also diminishes if 
the temperature of the refrigerating 
coils is lowered. 

§ 39. In the practical manufacture of 
artificial ice we estimate the performance 
at from 2160 to 2700 negative heat units 
for each pound of coiil burned, which is 
about 65 per cent of the figures given in 
Tables XVI and XVII. The difference* 

* Experiments made m 1890, vide Trans. Am. Soc. 
Mech. En^rs., vol. xii, page 326, in which the quan- 
tity of ammonia circulated was measured, sliow that a 
loss of upwards of 20 per cent is due to rarefying the 
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here between theory and practice may 
fuirly be attributed to external losses of 
temperature, to imperfect action in the 
exchanges of heat, and to expenditure of 
work in driving the pumps.* 

The constructors of sulphur dioxide 
machines claim a practical result of 
10,000 heat units per hour per horse- 
power. As a good engine consumes 4^ 
lbs. of coal per hour per horse-power, we 
are afforded a means of comparing the two 
kinds of apparatus in the matter of econ- 
omy, and the result is in favor of the 
chemical action machines. The latter 
also afford the advantage of low tem- 
pératures.! 

In the sulphur dioxide machine, a 
lower temperature than — 10.4° is not at- 

gas, by heat lodged in the cylinder walls, during its 
entrance to the compressor. Vide discussion of Prac- 
tical Tests in Appendix. 

* An examination of Tables XII and XUI shows that 
when 5 per cent of water is carried over the efficiency 
of the absorption machine is decreased about 15 per 
cent. 

t At 3 lbs. of coal per hour per horse-power, the fig- 
ure used in the tables in comparing the several types 
of machines, the result would be 3300 heat units per 
pound of coal. 
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tained without loss of useful effect^ while 
in the ammonia machine —13° and —22° 
are readily and economically obtained. 

We will not enter here upon questions 
of a purely practical character which 
affect the comparative values of the 
several ice machines, as our object has 
been simply to establish the theoretic 
conditions under which they work.* 

* For a comparisoD of the difference between theory 
and practice in the various classes of machines, see 
foot-notes, pages 124 and 131, and the Introduction. 



APPENDIX. 

Note upon the determination of the 
latent heat of vaporization, also 
of the specific heat of sulphur 
dioxide and ammonia in the form 
of liquid. all values in british 

UNITS. 

It was shown in § 27 that the relation 
between the pressure, specific volume, 
and temperature of a liquéfiable gas, 
being represented by the equation 

Pz; = BT - CP», (116) 

the constants B, C, and n can be deter- 
mined by means of the coefficient of 
dilatation and the experiments of Reg- 
nault upon the compressibility of gases. 
These constants are : 

For Sulphur Dioxide. For AmmoDia. 

B 25.305, 95.31, 

C 24.34, 157.11,* 

n .449, .3783. 

♦ See foot-note, p. 104. 
163 
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Eegnault determined also the elastic 
forces of these subs tau ces at different 
temperatures, and established the em- 
pirical formula 

log F = a + ha* + c^K 

This form not being convenient for 
calculation, we have preferred to take 
the formula called Roche's, 

Ti « - 32 



^— =rt«18+ma-38) (117) 

144 ^ ' 

and we have calculated the three con- 
stants rt, a, and m for both sulphur di- 
oxide and ammonia. 
These constants are* 



For Sulphur Dioxide. 


For Ammonia. 


a = 23.535, 


61.847, 


log a- 1.3528576, 


1.7913193, 


a= 1.0415, 


1.03852, 


log a = .017657, 


.0164175, 


la - .040657, 


.037803, 


m - .004282, 


.003998. 



* These constants have been slightly altered by the 
revisers. See article in Stevens Indicator, Oct. 1890, 
in which the pressures for ammonia are made to cor- 
respond to Regnaulfs second table of pressures and 
temperatures. In the present cnse Regoault's first 
table of pressures and temperatures of ammonia is 
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Finally M. Regiiault found for the 
specific heat of sulphur dioxide .15438, 
and of ammonia gas .50836. 

Oil the other hand, Clausius estab- 
lished between the latent heat r, the 
absolute temperature T, the pressure P, 
and the quantity u, the relation 

u at 

or 



T 



dt 



APw 



(118) 



u is thé increase of volume of a unit of 
weight of a volatile liquid when trans- 
formed into vapor. 

If V is the specific volume of the 
vapor, we have 



1 

7/ - . - ^, 



employed, which gives more exact values than the 
second table for the range of temperature considered 
in the numerical examples. 
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^ being the density of the liquid in lbs. 
per cu. ft., and consequently 

AFu = ABT - ACP» - ^-. (119) 

The constants B, C, and n being 
Jcnown, the equation will give AFic. 
Knowing AFu, we find r by eq. (118). 



r = APwi^, (119a.) 

cr, in consequence of eq. (117),* 

[Lb + m.(t — 32)P ^ ^ 

The equation (120) will give r in terms 
of T and AFu, 

Finally it was shown in § 27 that the 
<iuantity A, that is, the total heat of 
vaporization, satisfies the equation 

AO 



* From (117) 

<-32 



l.SPZa 



i;i.8 4-wi«-82)ia' 
^ubBtituJr..« :his r<»latiûn i« (P%' we 'obtain (IfHiX 
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At the temperature of 32° we have 

^0 = r,, 
then it becomes 

AD 

A = r, + c^ - ^(P" = P.»), (121) 

an equation in which P^ represents the 
pressure of the vapor at 32°, Cp the 
specific heat of the vapor at constant 
pressure, and r„ the latent heat at 32°, 
The heat of the liquid 

q = l — r. 

We shall have then 

q = r, + c^- ^(P» - P,") - 

^^'' [1.8 + 7n{t ^ 32)]"^ ^^^^^ 
and the specific heat of the liquid 

The equations (119), (120), (121), and 
(122), involving laborious calculations, 
we can replace the second mfember by 
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empirical expressions of the form A' + 
B7 + 07% and then calculate the con- 
stants by means of three values taken at 
the two extremities and middle of the 
thermometric scale, and previously de- 
termined by aid of these equations. 
We thus find for 

SULPHUR DIOXIDE. 

APu =. 14.144 + .02372^ - .000064^*, 
r = 171.971 - 0.2300^ - .000095<% 
X = 160.367 + .13188^ - .000073^% 
q =- 11.604 + .3619^ + .000022^*, 
c = .3619 + .0000444^. 

AMMONIA.* 

APu = 51.408 + .09071^ - .000033/% 
r = 583.333 - .5499/ - .001173/% 
X = 552.188 + .3908/ - .000157/% 
q = - 31.145 + .9408/ + .001016/% 
c = .9409 + .002032/. 

The specific heat of liquid ammonia is 
nearly equal to that of water. This re- 

* These equations do not contain the correction for 
constant C explained in foot-note, p. 104, for the reasons 
given in the f^reface. 
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suit, though astonishing at first, is com- 
prehended when we reflect that the 
specific heat of the gas at constant 
pressure (.50836) is higher than that of 
steam (.4805). It would be interesting 
to verify by experiment the theoretical 
conclusion.* 

The results obtained here for ammonia 
are, however, only approximate, for we 
need, in order to determine the con- 
stants of eq. (116), the coefficient of 
dilatation of this gas, and at present it is 
not known. 

To facilitate calciilations upon ice 
machines, we have prepared Tables 
XVIII and XIX for sulphur dioxide and 
ammonia. They give for each 9° the heat 
of the liquid q, the total heat of vapori- 
zation \, the latent heat of vaporization 
r, the internal latent heat p, the external 
latent heat APw, and the weight of a 



* This has been determined by Dr. Hans von Strom- 
beck. See Journal of Franklin Institute, 1890, vol. ii. 
p. 471. The value found was 1.28 for the average spe- 
cific heat between 85° and 140° Fahr. This is within 15 
per cent of the figure given by Ledouz's table, and 
about the same as that given Xxj Zeuner's table. 
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•cubic foot of vapor —, for the tempera- 
tures between — 40° and + 104°. 

Zeuner* has recalculated Ledoux's table 
-for ammonia, employing the corrected 
^alue of C. The results of his calcula- 
tions are given in Table XXII. f Zeuner 
ihas also calculated a table for sulphur 
-dioxide, basing the equations on the 
"values determined by Cailletet and Ma- 
thias for the latent heat. (See Table 
XXI and the foot-note appended to the 
f«ame.) 

Table XX, of the properties of car- 
bonic acid, is calculated by Prof. Schroter 
-of Munich, and has been used in solving 
the numerical examples given in the text. 

It will be observed that all of the gen- 
<eral formulae for equations (87) to (102) are 
iDased upon equation (86), which is known 
-as Zeuner's formula for superheated 
'gases. It was deduced by Zeuner many 
years ago, from the general equations of 
thermodynamics, by the aid of certain 

* Added by the revisers. 

t See fobt-Ddtes, p. 104 and at Table XXII. 
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approximate assumptions^ and constants 
were determined from Hirn's ,experi- 
mentson superheated steam, which made 
the equation capable of representing the 
relation between pressure, volume and 
temperature of steam, either in the satu- 
rated or superheated condition. 

The argument by which Zeuner estab- 
lished the formula, is given in full in 
the appendix to Kontgen^s Thermodyna- 
mics, Du Bois's translation. 

All attempts to deduce working for- 
mulae for the properties of volatile vapors^ 
such as formulae 119 to 122 in the Ap- 
pendix, are based upon Zeuner's equation, 
with the exception of those in Wood's 
Thermodynamics, which have been very 
ingeniously founded upon Rankine's gen- 
eral expression 

pv = RT — «0 "" m — etc., 

for relation between pressure and tem- 
perature, in which a^ and a. are constants 
and the remainder of the notation is the 
same as that previously employed. See 
Wood's Thermodynamics, Art. 163. 
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DISCUSSION OF THE EXPERIMENTAL DE- 
TERMINATIONS OF THE LATENT HEAT 
OF AMMONIA AND SULPHUR DIOXIDE.* 

Experiments made by Kegnault show 
that the heat required to evaporate am- 
monia at the temperature of 11.67° C, 
or 53.01° Fahr., and the corresponding 
pressure, and to reheat the gas to this 
temperature after it has been cooled by 
passing it through an orifice which re- 
duces its pressure to that of the atmos- 
phere, is 529.6 heat units per pound. 
This figure is greater than the latent 
heat of evaporation by the amount of 
heat required to reheat the gas. It is 
not possible to deduce the latent heat 
from the figure just given without em- 
ploying theoretical values for some of 
the quantities involved. The probable 
latent heat deduced from Regnault's ex- 
periments at the above temperature and 
the corresponding absolute pressure of 

* Abstracted mainly from matter presented at the 
Richmond meeting of the American Society of Me- 
chanical Engineers (1890), and forming part of Volume 
XII. of the Transactions. 
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94.8 lbs. per sq. in., is 521.6 British 
thermal units per pound. 

The only other laboratory experiments 
on the latent heat of ammonia that have 
been published are by Dr. Hans von Strom- 
beck, chemist of the De La Vergne Re- 
frigerating Machine Co.* The results 
in which he has the most confidence 
give 533.7 B. T. TJ. for the latent heat 
at the temperature of 63.84° Fahr. This 
figure falls between the value deduced 
from Eegnault's experiments and that 
developed by Ledoux^s theory. 

The first experiment on the latent 
heat of sulphur dioxide, the results of 
which have been already given, were 
made by Favre and Silbermann in 1853. 

The result obtained was 170.21 British 
heat units per pound, which agrees with 
the results obtained later by Chappuis 
and Mathias ; the corresponding figure, 
calculated by means of an equation, 
found to agree with these experiments, 
being 172. 28. The value found by Favre 

* Journal of the Franklin Institute, Dec. 1890 and 
June 1891. 
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in 1874 is lower than it should be ac- 
cording to the experiments of Chap- 
puis, and those made later by Mathias. 
Only two experiments were made in ob- 
taining this result. As the accuracy of 
the experiments depended on a constant 
rate of ebullition, it may be slightly in 
error on account of some variation of 
this rate, which, as is often remarked by 
Regnault, is extremely variable for fluids 
of high volatility. The result found by 
Chappuis, by means of an ice calorimeter, 
agrees with the results of the later ex- 
periments made by Mathias, 

A comparison of the experimental with 
the calculated values of the latent heats 
is made in Tables XXIII to XXV. Pig. 
7 represents graphically the experimental 
values of the latent heat of carbonic acid, 
and shows how closely the calculated 
values by Schroter are in agreement. 
The curve of experimental values in 
Fig. 7 is taken from Mathias's work on 
the latent heat of carbonic acid. Amiales 
de Chemie et de Physique, 6th Series, 
vol. xxi. p. 128. 
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Experiments made by Prof. Denton 
by metering the ammonia circulated in 



Fig. 7. 

LATENT MEKT OF OARBONTC ACTIO. 




•is 



il 6b 59 68 77 

TEMPERATURE IN DEQREE8 FAHR. 

• ^Experimental values by Mathias. 
•f- " •»• " Regnaultj 
*■*- " •< ** Chappuiâ. 

• Theoietical •« <t fichrotéb 



a compression machine of 75 tons capac- 
ity, gave the following results for the 
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latent heat at the suction and condenser 



pressures 



.* 



Temperature corresponding to suc- 
tion pressure, deg. Fahr 

[jatent heat in j By Experiment.. . . 
B. T. U. per lb. { By Ledoux's table 

Temperature corresponding to con- 
denser pressure 

Latent heat in \ By Experiment.. . . 
B. T. U. per lb. i By Ledoux's table 



-10.7 


-3.8 


509.6 


603.5 


589.1 


585.1 


84.6 


88.7 


524.8 


685.7 


528.4 


529.8 



+14.. ^ 

670 4 
575 1 



87.7 
512.4 
526.1 



These figures indicate that Ledoux's 
table is correct within the error of the 
experiments, which are trustworthy to 
within about 5 per cent. 



* See paper presented at San Francisco maeting of 
\m- f>Qc. of Mechanical Engineers, May 189S. 



ADDENDUM. 

REFRIGERATING MACHINES USING VAPOR 

OF WATER. 

In these machines, sometimes called 
vacuum machines, water, at ordinary 
temperatures, is injected into, or placed 
jn connection with, a chamber in which 
a strong vacuum is maintained. A por- 
tion of the water vaporizes, the heat to 
cause the vaporization being supplied 
from the water not vaporized, so that the 
latter is chilled or frozen to ice. If 
brine is used instead of pure water, its 
temperature may be reduced below the 
freezing-point of water. The water va- 
por is compressed from, say, a pressure of 
one-tenth of a lb. per square inch to one 
and one-half lbs., and discharged into a 
condenser. It is then condensed and 
removed by means of an ordinary air- 
pump. The principle of action of such 
a machine is the same as that given for 

186 
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volatile vapor machines (section 39). The 
following is a numerical example: 

For steam, the constants in Zeuner's 
equation are: 

B = 92.84, ^ 938.9, n = 0.2£*. 

The specific heat at constant pressure, 
as determined by Regnauit, ia: 

C, r. 0.475. 

AR 
Hence ^ = 0.353. 

Op 

Assume that ice is made, and that the 
lower temperature is 33 degrees Fahr. 
Let the pressure in the condenser be IJ 
lbs. per square inch, then we have 

^' = 0.089 lb. per sq. in. ; t/ = 116° P., 



144 
and 



/p \ 0.263 

T, = TJ^M = 1003.9 or ^.=544.5°P. 

The weight of one cubic foot of steam 
at 32 degrees is .000310 lbs.; hence 

m = 0.00031. 
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By equation 103 we have 

Q, = 0.3833 B. T. IT. 
Equation 104 gives 

Q = 0.3365 B. T. XT. 

AWr = Q, - Q = 0.0568 B. T. IT. 
and 

Wr = 43.85 ft. lbs. 

The useful effect, neglecting friction, is 
.00745 B. T. U. per foot-pound of work 
expended, not including friction. The 
ice-melting capacity in tons per cubic 
foot of piston displacement is .00000115, 
or the volume of the compressing cylin- 
der is about 150 times the theoretical 
volume for an ammonia machine work- 
ing under ice-making conditions, as per 
line 2, col. 16, Table VII. 

The number of gallons of condensing 
water per ton of ice-melting capacity, 
.assuming a range of 30 degrees Fahr. in 
the condensing water, is 1340. The ice- 
melting capacity per lb. of coal, assuming 
3 lbs. of coal per hour per horse-power. 
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is 34,5 lbs., neglecting friction. Ammo- 
nia for ice-making conditions gives 40.9 
lbs. (Table VII.). 

No calculation can be made including 
friction, as there is no experimental data 
available in regard to the friction losses 
in this class of macliine.* The power to 
drive the air-pump employed to preserve 
the vacuum of 1^ pounds in the con- 
denser is also not included in the analy- 
sis, so that in all probability the actual 
power would exceed the theoretical [WJ 
by about ten per cent. 

Another type of machine, using vapor 
of water,' absorbs the vapor in sul- 
phuric acid, wijich is injected into the 
vacuum chamber and pumped out of the 
latter against a low pressure maintained 
in a still or concentrator, where the water 
in the acid is driven from it by heat, and 
from whence it is returned to the vacuum 
chamber. The principle of the action 
of this type of machine is similar to that 



* A machine recently constructed on this principle 
had a compression cyliDder 20 feet in diameter and 10 
feet high, moved at 30 revolutions per minute. 
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of an ammonia absorption machine, the 
volume of the circulating pump being 
much less than that of the compressing 
cylinder for the case, where no absorbent 
is used for the water vapor. The prin- 
cipal expense of power is the heat to 
dissociate and evaporate the water from 
the acid. A theory of the action of this 
type of machine is reserved for another 
volume 
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